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ABSTRACT 
 
Using quantitative reconstructions of vegetation and climate based on 234 surface 
samples and four fossil pollen records, a systematic study of millennial-scale variations 
and centennial-scale events in the Southwest monsoon over the last 14 000 years in the 
Tibetan Plateau was conducted. The SW monsoon stayed weak between 14 000 and 
11000 cal. yr BP. A marked drop in July temperature during 12 800 –11 500 cal. yr BP 
may indicate the occurrence of the Younger Dryas cold event. The SW monsoon started 
to intensify at 11 000 cal. yr BP. However, it did not increase monotonically, but abruptly 
in three steps to reach its maximum. The three transitions from weak to strong monsoon 
occurred at 11 000, 10 000 and 8000 cal. yr BP, respectively.  The last transition marked 
the onset of a 1200-yr period of monsoon maximum. After the monsoon maximum, the 
SW monsoon decreased to the present level through two strong-to-weak transitions, one 
starting at 6800 cal. yr BP, and the other at 3100 cal. yr BP. The millennial-scale 
variation seems to suggest that the monsoon system switched from one mode to another 
during different periods, probably triggered by variations in insolation and glacial 
boundary conditions.   
The pollen records have also revealed a clear pattern of abrupt centennial-scale 
monsoon weakening events. These events exhibit a distinct duration at centennial-scale 
and a pacing at millennial-scale. There are ten events, occurring at about 1100, 2100, 
3000, 4500, 5800, 6500, 7700, 8200, 9200, and 10 100 cal. yr BP with a significant 
periodicity of 830-900 years. The mechanisms responsible for these events probably 
 xvii
include external forcing such as solar activities and tidal cycles, and internal forcing such 
as non-linear feedbacks and threshold behavior in the climate system. 
A long pollen record from the Zoige Basin in the northeastern Tibetan Plateau 
provides information on vegetational and climatic changes during the last two glacial-
interglacial cycles. Subalpine spruce-fir forests were widespread during the interglacial 
and interstadial times, suggesting warm and wet climatic conditions. Alpine periglacial or 
dry desert existed under cold and dry climatic conditions during the penultimate and the 
last glacial maxima. Alpine sedge meadows dominated during the stadial epochs. 
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CHAPTER 1 
INTRODUCTION 
 
The Southwest (SW) Asian monsoon is an important component of the global 
climatic system. It provides life-sustaining rains to a considerable portion of the world’s 
population (Fein and Stephens, 1987; Webster et al., 1998). An extremely weak or strong 
monsoon can have disastrous effects. It can cause droughts (e.g. China’s droughts in the 
1960s) or floods (e.g. China’s flood in 1998). Due to the large population and 
vulnerability to the droughts and floods of this region, an improved understanding of the 
variability in the SW Asian monsoon would be immensely beneficial. However, 
relatively little is known concerning past changes in the behavior of the SW Asian 
monsoon, especially unanticipated decade- to century-scale extremes, which could be 
large threats to human health and livelihood.  Understanding the temporal patterns of 
such changes can improve our knowledge of the mechanisms for monsoon variability and 
mid- to long-term monsoon prediction. 
The Tibetan Plateau plays a key role in the development and strength of the SW 
monsoon system of Asia and Africa. In the northern hemisphere summer, the Tibetan 
Plateau heats rapidly relative to the Indian Ocean. As a result, a low pressure system is 
formed over Asia which draws in warm and moist air from the ocean and develops into 
the Southwest or the Summer monsoon. Conversely, a high pressure system occurs over 
the cold landmasses of the Tibetan Plateau and Central Asia during winter, giving rise to 
the Northeast or the Winter Monsoon (Fein and Stephens, 1987).  
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The strength or intensity of the monsoon circulation is affected by vegetation, 
snow depth, and the radiation budget of the Tibetan Plateau. (Dickson, 1984; Barnett et 
al., 1988; Claussen, 1999). Thus, detailed vegetation history and climatic records from 
the Tibetan Plateau are vital for testing the hypotheses concerning the relative importance 
between precession-forced radiation changes and altered surface boundary conditions 
(e.g. snow coverage, vegetation coverage, and soil moisture) in controlling the timing and 
changing strengths of the SW monsoon during late Quaternary times.  
Pollen analysis has been at the heart of environmental reconstruction since its 
establishment. The primary task for Quaternary palynologists is to reconstruct past 
vegetational changes and environmental features from fossil pollen records preserved in 
the sediments of lakes, bogs, or the ocean (MacDonald and Edwards, 1991; Liu and Lam, 
1985; Birks, 1995). Therefore, pollen records from lakes will provide evidence for the 
vegetation changes and monsoon climate dynamics in the Tibetan Plateau. 
So far, marine proxy records from the Arabian Sea and terrestrial proxy records 
from Africa and Asia provide a great deal of evidence for the SW Asian monsoon 
variations on millennial and glacial-interglacial time scales (COHMAP Members, 1988; 
Street-Perrott et al., 1990; Clemens and Prell, 1991, Clemens et al., 1991; Prell and 
Kutzbach, 1992; Anderson and Prell, 1993; Overpeck, 1995; Overpeck et al., 1996; 
Maxwell and Liu, 2002). They reveal the importance of astronomical (Milankovitch) 
variations in seasonal insolation and glacial boundary conditions (i.e., land ice and 
SST’s) in causing SW monsoon variability on millennial- to glacial-interglacial time 
scales (Kutzbach and Street-Perrott, 1985; deMenocal and Rind, 1993; Sirocko et al., 
1993; Overpeck et al., 1996, Gasse and van Campo, 1994; Hodell et al., 1999). However, 
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few records covering several glacial/interglacial cycles provide important glacial 
boundary conditions in the Tibetan Plateau. The only available continuous climatic 
records spanning the last two glacial-interglacial cycles are from an ice core at Guliya 
(Thompson et al., 1998), and a 120-m-long RH core in the Zoige Basin (Chen et al., 
1999). Chapter 7 presents another long lacustrine pollen record from a different core (RM 
core) from the Zoige Basin in the northeastern Tibetan Plateau. This pollen record is 
especially significant because it is the only one to date that provides detailed a vegetation 
history of the last two glacial-interglacial cycles. 
Although work to date has revealed many strong hints of century-scale variability 
in the SW Asian monsoon (Sirocko et al., 1993; Overpeck, et al., 1996; Gasse et al., 
1991; Morrill, 2002; Maxwell and Liu, 2002), there has been no systematic study of this 
variability. None of the published terrestrial records from the SW monsoon domain, 
especially from Tibet, provides a well-dated continuous record of century-scale monsoon 
variability during the Holocene. Approximately 30 pollen records from the Tibetan 
Plateau were published during the last two decades. They mainly span the Holocene.  
Chapter 2 presents a comprehensive review of the published pollen records to examine 
possible spatial patterns in vegetational and climatic changes across the Tibetan Plateau. 
It also highlights problems in the previous studies. It seems clear that the relatively coarse 
resolution and lack of good age controls for the records are critical drawbacks in the past 
work. To overcome these problems, it is necessary to obtain high-resolution pollen 
records from lake cores that are well dated. Chapters 5 and 6 present four high-resolution 
pollen records from well-dated lake cores to reveal millennial-scale variations and 
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centennial-scale events in monsoonal climate during the last glacial-interglacial transition 
and Holocene in southern and central Tibetan Plateau. 
“The present is the key to the past”.  The basis for the interpretation of fossil 
pollen assemblages in terms of past vegetation and climate is the present-day relationship 
between pollen rain and vegetation and climate. Moreover, quantitative reconstructions of 
past vegetation and climate derived from pollen data provide greater insight into the 
patterns and processes of vegetation and monsoon climate changes. Chapters 3 and 4 
describe detailed modern pollen spectra and the relationship between pollen, vegetation, 
and climate. Discriminant functions for the quantitative reconstruction of past vegetation 
and pollen/climate transfer functions for the quantitative reconstruction of paleoclimate 
are discussed in Chapter 4.  
Chapter 8 presents a summary of our pollen records and a comparison of our 
pollen records with other records. It reveals the general patterns of millennial-scale 
variations in monsoonal climate and the possible forcing mechanisms for such variations 
during the last glacial-interglacial transition and Holocene in the Tibetan Plateau. It also 
elucidates the patterns of century-scale monsoon events. The possible pacing of events 
has been determined through the spectral analysis of our reconstructed precipitation. The   
mechanisms for abrupt century-scale monsoon events are discussed through the 
correlation between our monsoon records with the ENSO record, North Atlantic climatic 
events, solar variability, and tidal forcing.   
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CHAPTER 2 
LATE QUATERNARY HISTORY OF ALPINE VEGETATION AND CLIMATE 
IN THE TIBETAN PLATEAU 
 
 INTRODUCTION 
The Tibetan Plateau is a huge highland of 4000 - 4500 m above sea level (a.s.l.) in 
the Eurasian continent. Its great area with various alpine vegetation types is unique in the 
world (Zhang, 1978). The uplift of the Tibetan Plateau has been implicated in Cenozoic 
changes in atmospheric circulation patterns and perhaps reduction of the CO2 
concentration in the atmosphere (Hoorn et al., 2000). The resulting climatic change is 
reflected in the development of the monsoon system and global cooling, respectively 
(Kutzbach et al., 1989; Ruddiman et al., 1989; Quade and Cerling, 1995; Shi et al., 1998, 
Hoorn et al., 2000). Both the uplift of the Tibetan Plateau and its resultant climatic 
changes have caused the great changes of vegetation in the Tibetan Plateau.  Plant fossils 
and pollen records show the existence of latitudinal vegetation zonation during the Late 
Miocene.  Subtropical evergreen sclerophyllous broadleaved forests and cedar forests 
occurred in the south,  with warm-temperate deciduous broadleaved forests and 
shrublands in the central,  and montane coniferous forests and forest-steppes in the north 
of the Tibetan Plateau (Kong et al., 1996; Tang and Shen, 1996).  In the Early and Middle 
Pliocene, a large-scale scrub-steppe existed in the northern part of the plateau, whereas 
montane coniferous forests developed southward to occupy the regions north to the 
Gandise Range, and  evergreen sclerophyllous broadleaved forests and cedar forests 
continued to develop in the south.  During the Late Pliocene, the scrub-steppes expanded 
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to occupy the central-northern part of the Plateau, where montane coniferous forests once 
grew before (Shen and Tang, 1995).  
The Quaternary history of vegetation in the Tibetan Plateau, especially during the 
Early and Middle Pleistocene, remains poorly known due to the paucity of pollen records 
with good age control (Shen and Tang, 1994; Tang and Wang, 1976a, b). A recently 
published pollen record of a long core from Co Ngion in the central part of the plateau 
provided a vegetation history over the last 2.8 Ma. The alternate occurrence of montane 
coniferous forest and alpine steppe/meadow during different periods in the Early and 
Middle Pleistocene is probably related to the stepwise uplifts of the Tibetan Plateau (Lu 
et al., 2001). Since both the climatic effect of plateau uplift and global climatic changes 
affected the vegetation changes in the Tibetan Plateau during the Late Cenozoic, it may 
be difficult to extract regional or continental signals of climatic changes based on pollen 
records. However, this difficulty does not apply to pollen-based paleoclimatic 
reconstruction during the Late Pleistocene and Holocene. “The Middle Pleistocene 
Revolution” (MPR), a major change of the climate system at about 0.9 Ma, which 
initiated major glacial-interglacial cycles and development of large continental ice sheets 
(Berger et al., 1994),  may imply that most parts of the Tibetan Plateau reached the height 
close to that of today (Ruddiman and Kulzbach, 1989). After the “Gonghe movement”, 
the last major episode of uplift that happened at 150 ka, the modern environmental 
framework of the Tibetan Plateau was finally established (Shi et al., 1998). Therefore, we 
can use pollen records to reconstruct Late Pleistocene and Holocene vegetation changes 
and monsoon dynamics in  the Tibetan Plateau that are free from  the effect of the 
orographic uplift.  
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During the last two decades, pollen records from more than 20 sites in the Tibetan 
Plateau were published. Most of the pollen records cover the Holocene, and some span 
the Late Pleistocene and Holocene. In this chapter I review the principal pollen records 
and highlight the Late Quaternary history of alpine vegetation and climate in the Tibetan 
Plateau. I also attempt to examine possible spatial patterns in vegetation and climatic 
changes across the Tibetan Plateau, and point out certain research questions that will be 
discussed in subsequent chapters and are vital for future  research on monsoon climatic 
dynamics. 
MODERN CLIMATE AND VEGETATION 
Generally, the climate of the plateau is controlled by the westerlies in winter and 
SW monsoon in summer. Due to its high elevation, the Tibetan Plateau splits the 
westerlies into northern and southern branches, resulting in a  unique climate system (Ren 
et al., 1979). It deepens the land-sea contrast for the Indian Monsoon system, and blocks 
the moist maritime airmass of the Indian Ocean from penetrating deeply into the Asian 
mainland, causing aridity in the deserts and interior  basins in the plateau itself and in 
northwestern China (Zhang et al., 1991). The main part of the plateau with an elevation 
of > 4500 m is characterized by cold and dry winters and cool-humid summers with 
annual mean temperatures of -6–8 ºC (Fig. 2.1a). To the south and southeast are relatively 
humid regions with annual precipitation from 370 mm to over 800 mm (Fig. 2.1b). 
Annual precipitation in the plateau is highly seasonal, 80 to 90 % of total precipitation 
falls during the monsoon season from May to September.  Annual precipitation shows a 
steep gradient from the southeast to the northwest, which is controlled by the onset and  
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Figure 2.1 a. Annual mean temperature (oC) of the Tibetan Plateau.
b. Annual mean precipitation (mm) of the Tibetan Plateau. 
(modified from Institute of Geography ,1990). 
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advance of the SW monsoon. The SW monsoon penetrates deeply into the Tibetan 
Plateau and the western interior parts of China through river gorges punctuating the 
Himalayan mountain barrier. Therefore, the monsoon rainfall season starts in May for the 
southeast, middle June for the middle, and late June for the northwest, whereas it 
terminates in late September-early October for the southeast, middle September for the 
middle, and early September for the northwest. The southeastern part thus experiences a 
longer monsoon rainfall season and more monsoon rainfall than the central and 
northwestern parts (Dai et al., 1990).  
Vegetation distribution in the Tibetan Plateau, largely controlled by rainfalls from 
the Southeast and Southwest Monsoons, shows a distinct horizontal gradient from the 
southeast to northwest along a gradient of decreasing moisture (precipitation), changing 
from forest and meadow to steppe and desert steppe (Institute of Geography, 1990; 
Zhang, 1978; Tibetan Investigation Group, 1988). The Tibetan Plateau can be roughly 
divided into seven major climate/vegetation regions (Figure 2.2; see Chapter 3 for more 
details about vegetation regions in the Tibetan Plateau) based on their characteristics of 
climate and vegetation. 
Subalpine/alpine Conifer Forest in Southeastern Plateau  
Topography in this region is characteristic of steep-slope mountains and deep-
cutting valleys over 3000 m, with a subtropical mountain monsoon climate. In the winter, 
surface airflow is controlled by the westerlies from a dry Eurasian continent, bringing 
little precipitation to this region. In the summer, warm and moist airmass, coming from  
the ocean as the Indian Monsoon, or Southwest monsoon, penetrates inland, giving the 
region up to 90% of annual precipitation (850 - 1500 mm) from May to October 
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(Editorial Board of Sichuan’s Vegetation, 1980; Wu, 1980). This region thus experiences 
a dry winter and wet summer. Mean annual temperatures vary between 12 and 20 ºC, 
with mean January temperatures between 4 - 11 ºC, and mean July temperatures between 
18 and 25 ºC.  
Four major vegetation zones can be found in the mountains (Editorial Board of 
Sichuan Vegetation, 1980). Pinus yunanensis - sclerophyllous evergreen broadleaved 
forests occur in the mountains below 2500 m. The dominants are P. yunanensis, Quercus 
variables, Q. acutissima, Cyclobalanopsis delavayi, C. glaucoides, Lithocarpus 
dealbatus, L. variulosus, L. cleistocar, Machilus yunanensis, Illicium yunanensis and 
Alnus nepalensis. Coniferous and broadleaved deciduous mixed forests grow between 
2500 and 3000 m, consisting of Tsuga chinensis, T. dumosa, P. yunanensis, Acer, Betula, 
Corylus, Carpinus, Lonicera, Rhododendron and Cinarundiaria. Abies fabri forests with 
Rhododendron shrubs are found between 3500 and 4000 m. Alpine shrublands and 
steppes occur above 4000 m, and their common elements include Sabina pingis var. 
wilsonii, Gramineae and Compositae (Editorial Board of Sichuan’s Vegetation, 1980). 
Alpine Shrub Meadow in East-central  Plateau  
 This region is a highland with an elevation of 3400-4500 m. It experiences cold 
winter and cool summer, with 0.6 - 1.2 ºC mean annual temperature, -8.2 to -1.2 ºC mean 
January temperature, and 9.1 to 11.4 ºC mean July temperature. Annual precipitation 
varies between 560 and 860 mm (Chai et al., 1965; Editorial Board of Sichuan’s 
Vegetation, 1980). 
 Alpine meadows and marsh meadows can be found in the lowland areas (Chai et 
al., 1965). Alpine meadows are dominated by Kobresia pygmara, K. setchwanensis, Stipa 
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calpillaceae, S. aliena, S. purpurea, Festuca ovila, F. rubra, Polygonum viviparum, P. 
sphaerostachyum, Thalictrum spp., Polygonum viviparum, Anemone demissa, Potentilla 
anserina, Anaphalis, Festuca ovina, and Clinelymus sibiricus. Marsh meadows are 
composed of Kobresia sp. and Carex sp. Scattered forests composed of Picea asperata, 
P. wilsonii, P. purpurea, and Abies faxoniana grow on north-facing slopes of some hills 
at an upper elevation limit close to ca. 3400 m in the eastern part of this region. Alpine 
shrub-meadows cover the mountains higher than 3800 m. The principal components 
making up the alpine shrub-meadows are shrubs such as Rhododendron spp., Salix 
sclerophylla, Potentilla fruticosa, Caragana spp., Hippophae spp., and herbs like 
Kobresia pygmara, K. setchwanensis, Stipa calpillaceae, S. aliena, S. purpurea, Festuca 
ovila, F. rubra, Polygonum viviparum, P. sphaerostachyum, and Thalictrum spp. 
(Editorial Broad of Sichuan’s Vegetation, 1980).   
Alpine Steppe and Shrubland in Southern Plateau 
 Southern Tibet is located under the rain shadow of the Himalayas, where the 
annual precipitation ranges from 230 to 450 mm. The temperature is relatively high 
compared with that in the alpine meadow, with a mean annual temperature of 0 - 8ºC, the 
coldest month temperature of –12 - -2 ºC, and the warmest month temperature of 10-16 
ºC.  The river valleys and mountains below 4000 m in elevation are covered by Sophora 
moorcroftiana scrub and Aristida triseta steppe. The mountains at elevations of 4000 – 
4700 m are occupied by alpine steppe dominated by Stipa bungeana, S. capillacea, 
Artemisia wellbyi, A. stracheyii, and shrubland dominated by Caragana, Potentilla and 
Sabina. An alpine meadow zone above 4700 m is composed of Kobresia and Polygonum. 
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Alpine Steppe in Central Plateau 
 Alpine steppes occupy a vast region at elevations of 4400 – 5400 m in the interior 
of the Plateau. The climate is cold and dry, with a mean annual temperature of –6 – 0 ºC 
and an annual precipitation of 150-300 mm.  Stipa purpurea, S. basiplumosa, Carex 
moorcroftii, and Artemisia wellbyi are dominants of steppes. Frequently accompanying 
components include Stipa penicillata, S. glareosa, Carex montis-everestii, Festuca ovina, 
Poa spp., Artemisia minor and Astragalus heydei etc. Usually there are some cushion 
plants (e.g. Arenaria musciformis, Androsace stapete, Thylacospermum rupifragum) and 
mesic forbs such as Kobresia pygmaea (Wang, 1988; Chang, 1981). 
Alpine Steppe and Mountain Forest in Northeastern Plateau 
 This vegetation region is located in the northeastern part of the Plateau at 
elevations of 2000-5000 m, where the annual precipitation ranges from 300 to 500 mm, 
and the mean annual temperature is –4 – 4 ºC. In the south of this region, the vegetation 
is dry steppe, dominated by Stipa bugeana, S. breviflora, S. purpurea, Orinus 
kokonorica, Leymus secalinus, Artemisia scoparia, Achnatherum splendens and Carex 
ivanova. Northward the high mountains support the alpine meadow of Kobresia. Picea 
and Sabina forests are found between 2400 and 4100 m on the north-facing slopes. On 
the northern and eastern margin of the region, coniferous and broad-leaved deciduous 
mixed forests consisting of Picea, Quercus, Pinus, and Ostryopsis occur on wetter 
southeast-facing mountain slopes. Short trees and shrubs such as Populus, Sabina, 
Rhododendron, Sorbus, Ulmus, Salix, and Betula are also found (Lanzhou Institute of 
Glaciology and Cryopedology, 1979). 
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Alpine Desert in Western Plateau 
 Alpine desert is found in the northwestern part of the Tibetan Plateau, where the 
elevation is over 5000 m. This region experiences the coldest and driest climate of the 
plateau. The mean annual temperature is about-8 to -10 ºC. There are 9-10 months in 
which the mean monthly temperature is lower than 0 ºC, with no frost-free season in the 
year. The mean annual precipitation is only 20-50 mm (Chang, 1981). The dominants of 
this vegetation type are cushion minor semi-shrubs adapted to extremely cold and dry 
climate. The representative community is composed of Ceratoides compacta. Companion 
species are high mountain plants including Ajania trilobata, Arenaria monticola, Carex 
moorcroftii, Hedinia tibetica, Oxytropis densa, Pegaeophyton scapiflorum, Stipa 
basiplumosa, and Thylacospemum caespitosum. The only woody plant in the region is 
Myricaria hedinii, which grows along river beds (Chang, 1981; Wang, 1988). 
Arid Desert in Northern Plateau 
In the northern part of the Plateau lies the Qaidam basin. Its general elevation is 
2600-3000 m, about 2000 m lower than the surrounding mountains. There is a 
precipitation gradient that decreases from 200 mm to 20 mm from east to west. The 
annual mean temperature is 1-5 ºC, with a coldest month temperature of –15 to -10 ºC 
and a warmest month temperature of 15 to 17.5 ºC. Arid desert is dominated by 
Chenopodiaceae, Artemisia, Ephedra, Tamarix (T. laxa, T. ramosissima), Nitraria (N. 
tangutorum, N. sibirica), Populus, Calligonum, Graminese, Compositae, Leguminosae, 
Polygonaceae, and Cyperaceae (Wu, 1980). 
THE DATA BASE  
Pollen records from 27 sites were derived from published Chinese and English  
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literature and our unpublished data. The location of the sites ranges between 27 - 38ºN 
and 79 - 103ºE within the Tibetan Plateau (Figure 2.2). Table 1 lists the location, site 
characteristics, time span, number of radiocarbon dates, and principal references. 14C 
dates are available for these sites, although some pollen records only have one or two 
dates.  Chronological spans of most of pollen records are within the Late Pleistocene or 
Holocene. Most of pollen records are from lacustrine deposits with continuous organic 
sedimentation and good pollen preservation. The Tibetan Plateau is relatively undisturbed 
by human activities, these pollen records are therefore preferred in palynological studies. 
Some pollen records also have data on pollen concentration or even pollen influx, which 
are important for vegetation reconstruction in the alpine regions where sparse vegetation 
types such as deserts and subnival communities occur. However, sampling intervals for 
these pollen records vary considerably.  Only few pollen records have high resolution. 
Most of pollen diagrams used here are redrawn based on original data obtained from 
literature or directly from the authors, although some are digitized from published 
diagrams. To provide adequate representation of the vegetation history of different 
regions, at least one pollen diagram is selected for each climate/vegetation region.   
POLLEN RECORDS, VEGETATION AND CLIMATE 
Southeastern Plateau  
Five pollen records are available in this region (Figure 2.2). Except for one from a 
lakeshore section, all  are based on sediment cores from small lakes. Three pollen records  
with good age control are derived from Lake Shayema, Hong Lake, and Ren Co.  
 Pollen assemblages from Lake Shayema (Figure 2.3) during 11-10 14C ka BP (all 
ages mentioned in this chapter are 14C ka BP) are characterized by high pollen 
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18
percentages of Betula and deciduous Quercus, with less Tsuga or Pinus pollen than 
today. This suggests colder and drier conditions than the present. The closest analogue 
probably comes from modern pollen spectra from the deciduous broadleaved forests in 
the area between 1500 and 2000 m of the Zhongtiao Mt. (35.5ºN, 110.5ºE), and thus the 
coldest month temperature was probably at least 10 ºC lower and annual precipitation 
500-600 mm less than today (Jarvis, 1993). During 10-9 ka BP, Abies, Cedrus, Betula 
and Quercus are present together with Fraxinus, Carpinus, Acer, Celtis, Juglans, Rhus 
and Euptelea, suggesting a cold winter but a warming early-summer, and increased 
rainfall in the growing season. Around 9.1 ka BP, deciduous Quercus decreases abruptly 
in abundance, probably suggesting an increase in mean annual temperature. Pollen 
assemblage after 9.1 ka BP is characterized by an increase in the pollen abundance of 
Tsuga, Cunninghamia, and mesic deciduous taxa such as Celtis, Rhus, Euptelea, 
Liquidambar, Morus, Cercidiphyllum, and Nyssa, indicating the occurrence of mixed 
mesophytic forests. In such forests the annual precipitation ranges between 1000 and 
1900 mm and is fairly evenly distributed throughout the year. This interpretation thus 
implies a monsoon system (i.e. winter monsoon and summer monsoon) stronger than that 
of today (Jarvis, 1993). Between 7.8 and 4.0 ka BP, the pollen assemblages are 
characterized by high Tsuga percentages and the occurrence of mesic deciduous trees 
such as Platycarya and Cercidiphyllum, subtropical conifers such as Keteleeria and 
Podocarpus, and a warm subtropical element, Mallotus. This implies that temperature  
and precipitation were still higher than today. More evergreen sclerophyllous taxa were 
present from 5.0 to 4.0 ka BP at Lake Shayema. After 4.0 ka BP, taxa characteristic of the 
sclerophyllous evergreen broadleaved forests, including Lithocarpus/Castanopsis,  
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Ericaceae, Aralia, Ilex, and Viburnum, dominated the vegetation, and continued to be 
predominant until ca. 1.0 ka BP, indicating increased temperature in winter and decreased 
precipitation in spring and early summer, and thus a weakened summer monsoon.  
 Parallel trends occur in pollen sequences from Lake Yi, 20 km north of Lake 
Shayema (Chen and Zheng, 1984; Liu and Wang, 1984) and from Hong Lake and 
Xiaohaizi Lake, 100 km south of Lake Shayema (Li and Liu, 1988). The pollen record 
over the last 6700 years from Lake Yi corresponds well with the Lake Shayema results. 
The decrease in abundance of Tsuga and several mesic deciduous taxa, and the increase 
in evergreen sclerophyllous taxs after 4.5 ka BP also indicate a decrease in precipitation 
during the growing season (Jarvis, 1993). The pollen record from Hong Lake  (Figure 
2.4) shows that deciduous oak was firstly replaced by Abies and Tsuga after ca. 10 ka BP, 
and then by evergreen oak and Tsuga after ca. 7.6 ka BP. There are similar trends 
between the two pollen records from Lake Shayema and Hong Lake, despite differences 
in the timing of transition of pollen zones between them. One possible cause for this 
apparent difference is the accuracy of the age estimates due to different number and 
quality of 14C dates.   
 Ren Co is situated in the northern part of the subalpine forest-meadow region in 
southeastern Tibetan Plateau. Modern vegetation in the vicinity of the lake consists of a 
mosaic of alpine meadow and steppe communities. No trees were seen around the lake 
basin or on the mountain slopes in the area, but patches of Picea and Juniperus forests 
occur on the steep slopes, less than 50 km to the southeast. Artemisia scrubs are common 
on the extensive alluvial fans and drier floodplain surface in the region (Liu, 1998). The 
pollen record from Ren Co shows vegetation changes between ca. 13 ka and 3.8 ka BP.   
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The pollen diagram of Ren Co is divided into seven zones (Figure 2.5). Pollen zone RC7 
(ca. 12 – 10.3 ka BP) and zone RC6 (10.3 – 9.6 ka BP) are characterized by low pollen 
concentration and high pollen percentages of Chenopodiaceae. Both pollen zones suggest 
the occurrence of desert-steppes under dry and probably cold conditions. However, the 
decrease of Chenopodiaceae pollen and the increase of Rosaceae pollen in zone RC6 
indicate the invasion of rosaceous shrub and the amelioration of climatic condition at that 
time. The 9.6 ka BP boundary between zone RC5 and RC6 is a major transition. From 9.6 
to 9.0 ka BP, Artemisia, Cyperaceae, Gramineae and Plantago replaced Chenopodiaceae 
while pollen abundance of Betula, a deciduous tree, increased gradually to its highest 
values. Betula remained at its highest values until 8.0 ka BP (zone RC4). These pollen 
spectra suggest that birch forest began to appear and develop into stable formations in 
this region, and local area near the lake  was occupied by steppes. Betula decreased in 
zones RC3 (8.0 – 5.6 ka BP) and RC2 (5.6 – 4.0 ka BP), and was replaced by Abies and 
Picea. After 4.0 ka BP, the decrease of all arboreal pollen and the increase of Artemisia 
pollen in zone RC1 indicate expansion of steppes. Pollen spectra of zones RC1-4 suggest 
higher precipitation than that of today between 9.0 and 4.0 ka BP, a drop in temperature 
after 8.0 ka, and a marked decline in precipitation at 5.6 and 4.0 ka BP.  It is intriguing 
that the sediments younger than 4.0 ka BP are not found in Ren Co. A possible cause is 
that an extreme drought happened around 4.0 ka BP and subsequent dry conditions had 
kept the lake at very low level (e.g. less than 1 m) until several centuries ago. 
East-central Plateau  
Four palynological study sites exist in this region (Figure 2.2). Lithologically, the 
sediments of the cores and sections are composed of lacustrine silt, alluvial sand, and 
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peat.  Pollen records from these sites span the Late Quaternary (Liu et al., 1995; Shen et 
al., 1996; Wang et al., 1996; Yan et al., 1999).  
In the Zoige Plateau, the eastern part of this region, four pollen records show the 
general trends of vegetational changes. Pollen assemblages are characterized by very low 
pollen concentrations and high percentages of herbaceous pollen such as Gramineae, 
Cyperaceae, Chenopodiaceae, Compositae, and Artemisia between 40 and 14 ka BP 
(Figures 2.6 and 2.8). They can be interpreted to represent sparse vegetation, probably 
desert-steppe and/or alpine meadow, occupying this region under cold and dry 
conditions. Pollen spectra from 14 to 9.3 ka BP contain significant amounts of Abies, 
Picea, Pinus, Betula, and Rosaceae pollen, along with high amounts of Cyperaceae and 
Gramineae pollen. They indicate that alpine meadows dominated the vegetation, and fir 
and spruce invaded the hinterland to form mosaics  of conifer forests (Yan et al., 1999). 
Pollen spectra also suggest that the temperature and precipitation gradually increased to 
reach the level of today in this period. Between 9.2 and 4.0 ka BP, Abies and/or Picea 
dominate the pollen spectra with several major fluctuations, in which the pollen 
percentages of these two coniferous taxa decrease significantly as they are replaced by 
Cyperaceae pollen (Figure 2.7).  Conifer forests consisting of fir and/or spruce reached 
their maximum extent in this period . Several major fluctuations may imply climatic 
events occurring at century timescale. Fir forests are found today in the mountains of the 
southeastern parts of the Tibetan Plateau with mean annual temperature of 0-5 ºC and 
mean annual precipitation of 800-1000 mm, whereas spruce forests grow under climatic 
conditions of 0-8 ºC mean annual temperature and 600-800 mm annual precipitation 
(Tibetan Investigation Group, 1988). Therefore, it would be reasonable to infer a warmer 
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and more humid climate than that of today in this period. At 4.0 ka BP, Picea pollen 
declined abruptly, Abies pollen disappeared, and both of them were replaced by 
Cyperaceae pollen. It is obvious that a major shrinkage of conifer forests took place at 4.0 
ka BP, and they have probably receded out of the south-facing slopes and into the north-
facing slopes since 4.0 ka BP.   They may have experienced several minor episodes of 
expansion during the last 4000 years (Figure 2.8). Pollen spectra thus suggest a decline in 
precipitation and a drop in temperature after 4 ka BP. 
Southern Plateau 
 Few pollen records are available in the southern Plateau. A pollen diagram from 
Peiku Co (Figure 2.9, Huang, 2000) in the west of this region, and three others from the 
lake terraces of Chen Co (Figure 2.10) and Narinong Co (Figure 2.11), and from 
Dangxiong peat section (Figure 12) are the only four pollen records published in the last 
20 years.    
 The lacustrine section of site 10 is located in the third terrace of the Peiku Co.  
Peiku Co at 4590 m altitude experiences cold and dry climate with a mean annual 
temperature of  <2 ºC and an annual precipitation of  <300 mm. Alpine steppes 
dominated by Stipa purpurea, Artemisia wellby, and A. stracheyi occupy the areas below 
5000 m, and alpine meadows dominated by Kobresia pygmea occupy the areas above 
5000 m.   
 Pollen spectra from ca. 12.6 to 5 ka BP are characterized by high percentages of 
arboreal pollen, especially Pinus and Cedrus pollen, similar to those pollen spectra from 
surface samples collected from different morphological units around Peiku Co (Huang, 
1995). Trees today do not grow naturally in this region, the north slopes of the 
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Himalayas, which are under the rain shadow of the Himalayas. Well represented Pinus, 
Cedrus, Picea, Tsuga, Quercus, Betula and Corylus pollen in fossil pollen spectra of the 
section and all surface samples around the lake appear to have derived from extra-
regional sources. Huang (2000) did not explain the origin of the arboreal pollen grains.  
Cedrus now grows within temperate and subalpine forests dominated by Pinus, Cedrus, 
Abies, Picea, Quercus, Corylus, Alnus and Betula in the western Himalayas at 1000-3300 
m altitude (Dwivedi, 1993). Modern pollen spectra from Chhota Shigri Glacier in the 
western Himalayas show the same assemblages  with Pinus pollen dominating the pollen 
spectra together with Cedrus, Picea, Abies, Quercus, Alnus and Betula. The authors 
believed that these arboreal pollen are derived from the temperate and subalpine regions 
far from their study area through anabatic winds (Bera and Gupta, 1989).  Tree pollen in 
the sediments of Peiku Co should have been derived from the forests growing on the 
southern slopes of the western Himalayas through long-distance wind transport. In this 
region, besides the anabatic winds, the SW summer monsoon and the westerlies can also 
bring tree pollen from the southern slopes to the northern slopes of the Himalayas, since 
some SW summer monsoon airmasses can penetrate into the interior of the Tibetan 
Plateau through river valleys, and the southern branch of the westerlies control this region 
during the winter season (Dai, 1990). Pollen influx of tree taxa thus indicates indirectly 
the strength of the summer monsoon and the Westerlies. 
 Pollen diagram of the Peiku Co section can be divided into seven zones (Figure 
2.9). Pollen zone PKC1 (12.6 – 10.6 ka BP) contains abundant pollen of Cyperaceae, 
Pinus, and Cedrus but relatively low pollen influx. Pollen zone PKC2 (10.6 – 10.4 ka 
BP) is characterized by the high percentages of Cedrus and high pollen influx of tree 
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taxa. Pollen zones PKC3 (10.4 – 8.6 ka BP) and PKC4 (8.6 – 7.6 ka BP) are dominated 
by Cyperaceae, Pinus, and Cedrus pollen, together with some Picea, Tsuga, Quercus, and 
Hippophae pollen. Pollen zones 3 and 4 can be distinguished by their pollen influx, i.e. 
high pollen influx in the former and low pollen influx in the latter. Pollen influx 
decreases to very low levels in pollen zone PKC5 (7.6 – 6.8 ka BP). In zone PKC6 (6.8 – 
6.2 ka BP), pollen influx increases, and Pinus and Cyperaceae pollen prevail. Pollen zone 
PKC7 (6.2 –5.0 ka BP) is characterized by an increase in Cedrus pollen percentages, and 
decreases in Cyperaceae pollen percentages and in total pollen influx. The pollen data 
suggest that temperate and subalpine coniferous forests dominated by Cedrus, Pinus, as 
well as Picea and Tsuga prevailed in adjacent regions to the south from 12.6 to 5.0 ka 
BP. However, Pinus became more prominent than Cedrus during 9.4-6.2 ka BP. Alpine 
meadow dominated by Cyperaceae occupied the vicinity of Peiku Co throughout the 
period except for some short intervals when pollen influx was very low. Local and/or 
regional vegetation probably was more open than the typical alpine meadows of today 
during these intervals. The SW summer monsoon was weak during 12.6 -10.6 ka; it was 
strong during the periods of 10.4 – 8.6 ka BP and 6.8 – 6.2 ka BP, as indicated by high 
pollen influx values. Some extremely weak monsoon events of century timescale 
probably occurred between 7.6 and 5.0 ka BP. The high pollen percentage of Cedrus and 
high pollen influx of zone PKC2 may be attributed to the strong westerlies because 
Cedrus is an autumn flowering tree. If this hypothesis is true, it may imply the existence 
of the Younger Dryas event in southern Tibet since the age of zone PKC2 is within the 
Younger Dryas chron.    
 Pollen records (site 11 and 12, Figures 2.10, 2.11) from the eastern part of the  
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region show an expansion of forests or shrublands in the mid-Holocene and a decline of 
them in the Late Holocene. The Dangxiong peat section (site 13) is located in the 
northeasternmost margin of this region. Its pollen diagram (Figure 2.12) shows 
vegetational changes in the alpine meadows during the Holocene. Very few arboreal 
pollen are found throughout the entire Holocene. Pollen spectra are overwhelmingly 
dominated by Cyperaceae (more than 90% of total pollen sum) during ca. 10 – 5.4 ka BP, 
indicating the widespread occurrence of alpine meadow and/or marsh meadow. The 
climate may have been wetter than that of today in this period. Artemisia pollen increased 
significantly after 5.4 ka BP, and more herbaceous pollen including Compositae, 
Polygonum and Ranunculaceae are found in the pollen spectra after 3.8 ka BP, suggesting 
a decline in monsoon rainfall.  
Northeastern Plateau 
 There are two cores from Qinghai Lake (surface area 4340 km2), the largest 
brackish lake in China. Core QH85-14C (site 14) provides a pollen record back to 11 ka 
BP (Du et al., 1989). Another pollen record (site 15) covers the last 16 ka (Liu et al., 
2002). The high-resolution and well-dated pollen record from site 15 will be discussed to 
illustrate the general trends of vegetation changes over the last 16 ka in this region. 
 The pollen diagram is divided into six zones (Figure 2.13; Liu et al., 2002). Zone 
I (16.2 – 15.2 ka BP) is characterized by very low pollen concentrations of less than 
1,000 grains/g, and high pollen percentages of Chenopodiaceae, Artemisia, Gramineae, 
and Pinus. Pinus pollen in this zone were probably derived from long-distance transport. 
Desert-steppes probably occupied the Qinghai Lake region under cold and dry conditions 
at that time. In zone II (15.2 – 13 ka BP), total pollen concentrations increase to 5,7 00 
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grains/g on average, whereas pollen percentages of Artemisia, Ephedra and Picea+Abies 
increase at the expense of Pinus and Chenopodiaceae. The occurrence of Abies and Picea 
pollen indicates that the climate in this period became wetter relative to the previous 
period, although it remained cold. Pollen concentrations fluctuate between 5,000 and 10, 
000 grains/g in zone III (13-10.4 ka BP). High percentages of Abies and Picea pollen 
prevail, and Betula pollen slightly increases. Pollen spectra of zone III suggest an 
expansion of coniferous forests and the appearance of birch forests, implying further 
increase in moisture and a rise in temperature. Pollen concentration reaches its highest 
values, and tree pollen percentages increase greatly, even exceeding that of herb pollen at 
several levels in zone IV (10.4 –5.0 ka BP). A maximum in Betula pollen occurs in 
subzone IV1 (10.4 – 8.6 ka BP), whereas Pinus pollen reaches its maximum of the 
Holocene in subzone IV3 (8.06 – 5 ka BP). Subzone IV2 is distinguished from the other 
two subzones by relatively low pollen concentrations and a small peak of Abies and Picea 
pollen. The development of birch forests and pine forests during 10.4-5.0 ka BP reflects 
the occurrence of warmer and wetter climate than that of today. The changes in pollen 
spectra of subzone IV2 may imply a cooling event at the interval of 8.6-8.1 ka BP. Pollen 
concentrations and tree pollen percentages decrease, and Artemisia predominates in zone 
V, indicating the decline of forests and a dramatic expansion of steppes as the climate 
became cooler and drier between 5.0 and 2.1 ka. Zone VI (2.1 –0 ka BP) is dominated by  
Artemisia (more than 60%). Forests disappeared in the Qinghai Lake region, while 
modern vegetational and climatic condition was established in the last 2100 years.  
Similar oscillations reflected by pollen records have also been found in Core QH85-14C 
(Du et al., 1989) from Qinghai Lake and the Dunde ice core (Liu et al., 1998).   
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Central Plateau 
 Two pollen records  (sites 18, 19) from the eastern and western parts of this 
region contain pollen spectra attributed to the Late Pleistocene. The pollen diagram of the 
ZK2 core from a salt lake, Chabyer Lake, shows that shrub steppes, dominated by 
Tamarix and Artemisia, occurred during 36 – 30 ka in the western part of this region. 
Pollen spectra at that time also contain relatively high amounts of tree pollen such as 
Pinus, Picea, Abies and Tsuga, which could have been derived from the southern slopes 
of the western Himalayas (Wu et al., 1996; Xiao et al., 1996) as discussed above. 
Between 30 and 15 ka BP, Chenopodiaceae increases at the expense of Artemisia, 
indicating that desert-steppes occupied the study area under cold and dry climatic 
conditions. However, the high amounts of Pediastrum, a fresh water algae, indicate the 
existence of high lake level, which is attributed to the input of glacial meltwater into the 
lake (Xiao et al., 1996) and perhaps more winter precipitation brought by the westerlies.  
 A pollen diagram from Goulong Co in the eastern part of the region shows 
relatively high amounts of Ephedra and Cyperaceae pollen in pollen spectra dominated 
by Chenopodiaceae during 19 – 15 ka BP, probably implying a cold and dry climate and 
relatively lowlake level (Shan et al., 1996; Li et al, 1994). From 15 to 11 ka BP, 
Artemisia and Chenopodiaceae increased at the expense of Cyperaceae and Ephedra, 
reflecting the development of steppes as the temperature and summer rainfall increased.   
 A more detailed Holocene pollen record is from Selin Co (Sun et al., 1993; Figure 
2.14), the second large lake in Tibet with surface area 1628 km2. The pollen assemblages 
between 11 and 9.6 ka BP are characterized by low pollen concentrations and dominated 
by Pinus from long-distance transport, reflecting sparse vegetation under cold and dry 
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conditions. It is estimated that the mean annual temperature was 4.5-5.5 ºC lower than 
today (Sun et al., 1993). A marked rise in the pollen percentages of Artemisia and 
Ephedra during ca. 9.6 – 9.3 ka BP, indicates the amelioration of climatic conditions. 
This was followed by a great shift to denser vegetation by 9.3- 9.0 ka BP, when 
Cyperaceae and Artemisia dominated the vegetation. Relatively low total pollen 
concentrations and high proportions of Pinus pollen and fern spores during the period ca. 
9.0-7.5 ka BP suggest the existence of high lake level or wet conditions, as vegetation 
was slowly colonizing the bare terrain, and the core site, at mid-lake, was far from local 
pollen sources (Sun et al., 1993; Maxwell and Liu, 2002). The lake level tended to drop 
gradually as indicated by gradual increase in pollen concentrations during the following 
3500 years. The vegetation dominated by Artemisia was relatively stable in this period. 
Subsequent drier conditions are indicated by a rise in Cyperaceae as the lake dried up and 
lake edge habitat move closer to the mid-lake core site (Maxwell and Liu, 2002). The 
high amounts of Pinus and Alnus pollen during the period ca 2.0 – 1.0 ka BP may be 
attributed to the intensified forest clearance and development of secondary vegetation in 
the forest regions far from Selin Co , for both Pinus and Alnus are indicators of the 
secondary vegetation and human disturbance (Liu and Qiu, 1994; Jarvis, 1993). High 
pollen concentration and high pollen percentages of Cyperaceae characterize the pollen 
spectra between 1.0 and 0.7 ka BP. Sun et al. (1993) interpreted them as the expansion of  
marshes at the edge of the lake and dry/cold conditions. 
 Warmer and wetter conditions during the mid-Holocene are also indicated by 
other pollen records (sites16, 18, 19). However, detailed discussion on the Holocene 
vegetation for these sites is not possible due to inadequate 14C dating control. 
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Western Plateau 
 A 10.5 m-long core from Sumxi Co (Gasse et al., 1991; Van Campo and Gasse, 
1993) provides a pollen record back to 12.7 ka BP (Figure 2.15). Pollen spectra with low 
pollen concentrations and high percentages of Chenopodiaceae and Ephedra pollen are 
found at the core bottom before 10 ka BP, indicating a barren vegetation and dry climate.  
The pollen spectra also suggest a general trend of increasing moisture interrupted by a 
short Younger Dryas-chron reversal to colder and drier conditions ca. 11.0 – 10.5 ka BP. 
At 9.9 ka BP an abrupt rise in Artemisia and drop in Chenopodiaceae (i.e. high A/C ratio) 
signal a sudden change to a relatively warm and wet steppe climate, i.e. the strengthening 
of the monsoon (Van Campo and Gasse, 1993). This general condition persisted for ca. 
3700 years from 9.9 to 6.2 ka BP although there was a short reversal at ca. 8.0 – 7.7 ka 
BP as indicated by the increases in Chenopodiaceae.   High A/C ratios associated with 
high amounts of planktonic diatoms during 7.7-6.2 ka indicate warm humid climate and 
highest lake levels, implying the strongest summer monsoon at that time (Van Campo 
and Gasse, 1993; Maxwell and Liu, 2002). This period was followed by a dry period at 
6.2 ka, as indicated by a dramatic decline in the A/C ratios. The lowest A/C ratio at ca 4.3 
ka indicates an extreme arid phase, which seems to have been the driest time for the 
entire Holocene, consistent with the lowest lake level (Van Campo and Gasse, 1993). 
After that, the modern environmental condition was established, and only minor changes 
 happened except for a short arid pulse ca. 0.4 ka BP.  
 A lake core from Bangong Co (Huang et al., 1996; Van Campo et al., 1996), ca 
200 km away from Sumxi Co, provides a parallel pollen record to that of Sumxi Co with 
respect to climate changes. Pollen assemblages from other pollen sites (sites 23-26; 
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Huang et al., 1996) are dominated by Chenopodiaceae pollen. Although their 
interpretation is limited by their coarse sampling intervals and inadequate dating, the 
increases in Cyperaceae, Compositae and Artemisia pollen and the decreases in 
Chenopodiaceae also indicate an expansion of steppes and warmer and wetter conditions 
than that of today during the mid-Holocene.  
Northern Plateau 
 The only pollen diagram from this region so far is that from the CK2022 core in 
the Bieletan saline lake of the Qaidam Basin (Du and Kong, 1983). The diagram (Figure 
2.16) extends into the Late Pleistocene, and its basal age is ca. 31 ka BP.  This well-dated 
pollen record provides some evidence of vegetation and climate changes during the Late 
Pleistocene and Holocene in this region, although its coarse sampling intervals do not 
allow any detailed reconstruction.   
 During pollen zone I (31 – 25 ka) arid desert dominated by Chenopodiaceae 
together with Ephedra, Nitraria and Artemisia occupied the lake region. The occurrence 
of Pediastrum and Typha (a fresh aquatic plant) indicates that the lake was not saline but 
fresh, implying a cold and wet condition different from that of today. At ca. 24 ka BP, the 
climate became even wetter than that of the preceding period as suggested by the high 
amounts of Pediastrum and Typha, and the vegetation changed from desert to desert-
steppe dominated by Artemisia. Subsequent drier conditions are indicated by high 
Ephedra pollen and gradual decreases in fresh algae and aquatic plants. The increases in 
Artemisia pollen between 20 and 9.6 ka BP signals a wet condition. However, 
Pediastrum and Typha disappeared completely by 20 ka BP, suggesting that the lake 
dried up and became saline, perhaps due to the decline in inflow from glacial meltwater  
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during the Last Glacial Maximum. In the Holocene, the highest pollen percentages of 
Artemisia suggest an amelioration of climate in the mid-Holocene, which seems to have 
been the wettest period for the entire sedimentary sequence.       
DISSCUSION, SYNTHESIS AND CONCLUSIONS 
The overall picture of the alpine vegetation and climate in the last glacial is very 
incomplete due to the paucity of fossil pollen sites. Fortunately, five sites covering the 
last glacial are located in various vegetational regions. Some tentative generalizations can 
be offered.  
On the eastern margin of the Plateau, the Zoige Basin supported desert-steppe and 
alpine meadow from 30 to 20 ka BP, suggesting a cold and dry climate. However, 
relatively high lake level and fresh lakes existed from 30 to 18 ka in the Qaidam Basin in 
the northern Plateau, and in Chabyer Lake Basin in the western Plateau, perhaps partly 
due to low rates of evapotranspiration and increased glacial meltwater into the lakes, and 
partly due to more winter precipitation. Between 20 and 18 ka BP (the last glacial 
maximum, LGM), the Zoige basin and central Tibet (e.g. site 17) experienced the driest 
and coldest climate. The temperature was ca. 6 ºC lower than that of the present, and 
precipitation was only ca. 60% of today’s values (Wang, et al., 1996; Yan et al., 1999; 
Shen and Tang, 1996; Shi et al., 1998).  
After the LGM, environmental conditions gradually ameliorated and 
desert/desert-steppes were replaced gradually by steppes and alpine meadows at all sites 
in the plateau except those in the most arid regions (Table 2.2), where the lakes dried up 
or became saline presumably due to a decrease in the effective moisture. Forests (e.g. 
birch, spruce, and fir in the Zoige Basin; spruce and fir in the Qinghai Lake region) 
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invaded the alpine meadows and steppes from ca. 14 to 11 ka BP. Independent oxygen 
isotope evidence from the Guliya ice core documents a rising trend in temperature after 
the LGM (Thompson et al., 1997)  
The very important event in the last deglaciation is the Younger Dryas cold event 
at ca 11-10 ka BP. It was well documented in the paleoclimatic proxy records from 
regions in and around the North Atlantic Ocean. New pollen data from lake sediments in 
Chile seems to indicate that no such cooling took place in that region, or elsewhere in the 
Southern Hemisphere (Benette et al., 2000). There has long been a debate about the 
existence of a Younger Dryas-correlative event in the Asian monsoon region (Lister et 
al., 1991; An et al., 1993; Gasse and van Campo, 1994). Although this event is fairly well 
marked in paleomonsoon records across North Africa (Street-Perrott and Perrott, 1990; 
Gasse and van Campo, 1994), its existence in the Arabian Sea and Asia is more debatable 
(Overpeck et al., 1996; Schulz et al., 1998; Cayre and Bard, 1999), and its feature is not 
clearly seen in all records (Sirocko et al., 1993; Overpeck et al., 1996). There is evidence 
for a monsoon event during the Younger Dryas chron from pollen and other proxy data 
around the northern and eastern edges of the Tibetan Plateau (e.g., Guliya ice core, 
Thompson et al., 1998; site 21, Gasse and van Campo, 1993; site 14, Lister et al., 1991; 
sites 6-9, Wang et al., 1996). Pollen and ostracoda records from Peiku Co (site 10) on the 
southwestern margin of the Plateau also show its existence (Huang, 2000; Peng, 1997). 
The evidence for this event is also found in Yunnan (Hodell et al., 1999) and the Loess 
Plateau (An et al., 1993; Zhou et al., 1996).  
If these data did indicate the existence of a Younger Dryas-correlative event, an 
atmospheric linkage, rather than the much slower oceanic circulation, seems to be the 
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most likely explanation for its synchronous occurrence in the monsoonal Asian- Pacific 
region and the North Atlantic region. A decrease in atmospheric CO2 concentration and 
resultant expansion of sea ice in the marginal seas (Bering Sea, Sea of Okhotsk, Sea of 
Japan) was once invoked to explain the possible cause and mechanism (An et al., 1993; 
Kudras et al., 1991). In the Tibetan Plateau, it is notable that all the sites at which a 
Younger Dryas-correlative event is documented are located in the regions influenced by 
the westerlies. For example, sites 10 and 21 are influenced by its southern branch, and 
sites 6-9 and 14 by its northern branch. Thus, marked evidences for a monsoon event 
during the Younger Dryas chron are hypothesized to exist only in the regions influence 
by the westerlies. The possible mechanism is that the westerlies play a role as “air 
conveyor” to connect the North Atlantic with monsoon Asia and other regions of the 
North Hemisphere, as suggested by Porter and An (1997) in their interpretation of 
possible signatures of Heinrich events left in the Loess Plateau records. The westerlies 
spread the Younger Dryas cold event from the North Atlantic into its downwind regions 
outside the North Atlantic region and then into other regions of the Northern Hemisphere 
through internal forcing of climate systems. This hypothesis seems to clarify why this 
event is mainly found on the margins of the plateau. To test this hypothesis, more well-
dated records in the main part of the Tibetan Plateau and other regions outside the plateau 
are needed.  
The time interval of the most rapid vegetational and climatic changes over the 
Tibetan Plateau was during the Pleistocene-Holocene transition, between 11 and 9 ka BP, 
even though the Younger Dryas cold event was not found in all pollen records. It seems 
clear from the pollen records that there was not a uniform, synchronous response to 
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increased summer insolation in the Tibetan Plateau. The timing of a major, abrupt 
transition to wetter conditions falls at most sites between 11 and 9 ka BP. The most rapid 
vegetational and climatic changes occurred at 10.4 ka in Peiku Co (site 10) and the 
Qinghai Lake (sites 14, 15), at 10.0 ka at Sumxi Co (site 21) and Lake Shayema (site 1), 
at 9.6 ka at Selin Co and Ren Co (site 18 and site 5), and at 9.4 ka in the Zoige Basin 
(sites 6-8).  
Generally the vegetational changes can be interpreted as a horizontal shift 
following a moisture gradient in the central and western Plateau, and an altitudinal shift 
in major vegetation belts in southeastern Plateau. During this transition, deserts were 
replaced by steppes in the central and western Plateau; forests began to invade alpine 
steppes and meadows in the northeastern Plateau; and deciduous broadleaved forests 
were replaced by mixed coniferous and deciduous forests in the southeastern Plateau.  
The major vegetational and climatic changes at this transition initiated the strong 
monsoon of the Holocene in the Tibetan Plateau, which seems coincident with the second 
abrupt increase in monsoon intensity between 10 and 9.5 ka BP recorded in the Arabian 
Sea (Overperck et al., 1996; Sirocko, 1993). The timing of this transition is several 
hundred years earlier on the margins than in the interior of the plateau, and its duration is 
broadly consistent across the plateau, lasting for ca. 1000 years.  
The relatively abrupt Pleistocene-Holocene transition was followed by a period of 
high summer monsoon rainfall, here referred to as a ‘monsoon rainfall maximum’, as 
indicated by pollen and other proxy records (e.g. oxygen isotope from ice cores, lake 
level). The highest pollen percentages of trees of the humid mixed mesophytic forests 
occurred between 9.1 and 5.0 ka at Lake Shayema, and the highest tree pollen 
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concentrations occurred between 9.0 and 6.0 ka BP at Ren Co, suggesting a monsoon 
rainfall maximum in the southeastern Plateau. The monsoon rainfall maximum, indicated 
by high pollen percentages of Abies and Picea in the Zoige basin, occurred between 9.1 
and 6.0 ka in the east-central Plateau.  High tree pollen and high lake levels between 8.1 
and 5.0 ka BP in Qinghai Lake (Liu et al., 2002; Lister et al., 1991) also indicate the 
occurrence of a monsoon rainfall maximum in northeastern Plateau. Pollen records form 
Selin Co and Peiku Co suggest the existence of such a monsoon rainfall maximum at 8.5 
– 6.0ka BP and 9.1-8.0 ka BP in the central and southern parts of the plateau, 
respectively. The highest summer monsoon rainfall occurred ca. 7.5 – 6.2 ka BP, as 
indicated by high A/C ratio and the highest lake levels, in the western Plateau. 
Comparing pollen indicators  of  the monsoon rainfall maximum along a transect from 
the southeast to the northwest (Figure 2.17), it can be found that both the duration and 
timing of the monsoon rainfall maximum vary along this transect. The monsoon rainfall 
maximum began earliest in the southeast Plateau at ca. 9 ka BP. It occurred 500 years 
later in the central Plateau, and the latest in the northwest Plateau at ca. 7.5 ka BP.  
The idea that monsoon changes, especially shifts in the monsoon front, could have 
been time-transgressive across the region has been broached by An et al. (1993, 2000). 
Their review of Chinese sites outside the Tibetan Plateau reveals that the monsoon  
rainfall reached a maximum at different times in different zones within China. They 
found that the southeastward shift of the maximum precipitation belt is consistent with 
the progressive weakening of the East Asian summer monsoon as the summer radiation 
anomaly decreased progressively through the Holocene and the East Asian monsoon 
index declined (An et al., 2000). Our review shows different timing and duration for the 
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monsoon rainfall maximum in the Tibetan Plateau. However, the southeastward shift of 
the monsoon rainfall maximum does not mimic the pattern of its retreat in East China that 
reflects the progressive weakening of the summer monsoon. The spatial pattern of the 
timing and duration of the monsoon rainfall maximum is similar to that  of the onset and 
duration of modern monsoon rain season across the Plateau, i.e., earlier onset and longer 
duration in the southeast, but later and shorter in the northwest. Therefore, this pattern 
still reflects the variation of monsoon strength in this period.  The data seem to indicate 
three surges in monsoon strength. The first surge occurred around 9.0 ka BP, when the 
southeast obtained high monsoon rainfall. The second surge happened at ca. 8.5 ka, when 
the SW monsoon brought more rainfall to the southeastern and central parts of the 
plateau. The third one started  ca. 7.5 ka BP and lasted for about 1400 years. The third 
surge was probably the strongest one, because not only the southeastern and central 
Plateau obtained high monsoon rainfall, but also the northwestern part.  
Marked monsoon weakening began after the third surge in the Tibetan Plateau. 
Like the monsoon rainfall maximum, the timing of monsoon weakening in different 
regions varies across the plateau. Monsoon weakening or major change to dry conditions 
began as early as 6.0 ka BP in the northwestern Plateau, as indicated by decreasing A/C 
ratio and lake levels, which is roughly coincident with records outside the Plateau 
(Overpeck et al., 1996). The major decrease in monsoon rainfall happened at ca. 4.5 ka 
BP in the central Plateau, and at 4.0 ka BP in the east-central and southeastern Plateau. It 
seems that the timing of monsoon weakening lagged from northwest to southeast, 
suggesting that the summer monsoon retreated southeastward gradually. As the SW 
monsoon weakened, the modern environmental conditions were established time-
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transgressively at 4.3 ka BP in the northwest, ca. 4.0 ka BP in the central and ca.3.5 ka 
BP in the southeast of the Plateau.  
 Overall, pollen records reviewed here suggest that the spatial and temporal 
patterns of vegetation and monsoon climate changes occurred time-transgressively across 
the Tibetan Plateau. Superimposed on this background of vegetational and monsoon 
climatic changes, the pollen records also seem to show evidence for  century-scale 
variability in the SW monsoon in the Tibetan Plateau. Low A/C ratios at 8.0-7.7, 6.0, 5.1 
and 4.3 ka BP documented in Sumxi Co, and the peaks of Cyperaceae pollen at ca. 7.2, 
6.0 and 3.9 ka BP found in Selin Co suggest the occurrence of century-scale events in the 
northwestern and central plateau (Figure 2.17).  The depressions in fir and spruce pollen 
at ca. 8.0, 6.8 and 4.0 ka BP in Zoige Basin, transitions of major vegetation changes at 
6.0 and 4.0 ka BP in  Ren Co, and major declines in mesic deciduous trees at ca. 6.0 and 
4.0 ka BP in  Lake Shayema also indicate the occurrence of monsoon events in the 
southeastern and east-central plateau. It seems evident that only some monsoon events 
are of regional significance (e.g. events around 6.0 and 4.0 ka BP). However, more well-
dated and high-resolution records are needed to confirm the occurrence of regional 
monsoon events, and to reveal the patterns and mechanisms for these events.   
 Based on the available pollen records, we have explored the spatial and temporal 
patterns of vegetational and climatic changes during the Late Quaternary in the Tibetan 
Plateau. Several conclusions can  be offered.  
1. Desert, desert-steppe, and alpine meadow dominated the vegetation in the 
western, central, and northern Plateau during the Late Pleistocene, whereas deciduous 
broadleaved forests occupied southeastern margin of the Plateau.  
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2. The Younger Dryas cold event probably left a marked signature in the margins 
of the Plateau influenced strongly by the westerlies.  
 3. Major vegetation changes happened at the Pleistocene-Holocene transition as a 
response to variation of the SW monsoon. The timings of increase and decrease in 
monsoon strength indicated by vegetation changes  do not show a marked synchronous 
trend across the Plateau. Monsoon rainfall reached a maximum at different times in 
different regions (i.e. earlier in the southeast and later in the northwest). As the SW 
monsoon weakened, it retreated in steps from northwest to southeast during the late 
Holocene.  
 4. Regional monsoon events at century-scale occurred during the Holocene in the 
Tibetan Plateau. However, the pattern and mechanisms for such events are still unclear.  
More well-dated and high-resolution records are necessary for a systematic study of this 
variability.  
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CHAPTER 3 
 
MODERN POLLEN RAIN IN THE TIBETAN PLATEAU: POLLEN SPECTRA 
 
 
INTRODUCTION 
The basis for the interpretation of fossil pollen assemblages in terms of vegetation 
and climate is the present-day relationship of vegetation and climate to pollen rain (Bent 
and Wright, 1963; Davis, 1967; McAndrews and Wright, 1969; Webb and Bryson, 1972; 
Birks, 1973; Webb et al., 1981; Liu and Lam, 1985; Overpeck et al., 1985; MacDonald 
and Ritchie, 1986; Bartlein et al., 1986; Delcourt and Delcourt, 1987; Guiot et al., 1996, 
Markgraf et al., 2002). In China, modern pollen studies are limited by extensive human 
impacts on the modern vegetation (Liu, 1988; Liu and Qiu, 1992). Although studies of 
surface pollen samples have been conducted since the late 1970s, most of these studies 
have focused on spatial distribution of pollen in marine and lake sediments (Wang et al., 
1979, 1980; Shen et al., 1992; Sun and Wu, 1988). Only few comparative studies relating 
modern pollen rain to regional vegetation and climate are available in some mountainous 
regions such as Changbaishan and Xiaoxinanling Mountains in northeastern China (Zhou 
et al., 1984; Shen and Tang, 1992; Li et al., 2000), Zhongtiao Mountain in northern China 
(Yao, 1989), Shengnongjia Mountain in central China (Li, 1991), the West Kunlun 
Mountains and Haoniu Mountains in western China (Weng et al., 1993; Li, 1986; Javis 
and Clay-Poole, 1992). Chinese palynologists have made more efforts on developing a 
modern pollen database in recent years (Song et al., 1997; Wang et al., 1998; Yu et al., 
2000; members of China Quaternary Pollen Data Base, 2001). 
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The Tibetan Plateau, the least anthropologically-disturbed regions in China, 
provides a unique chance to study the relationship between modern pollen rain and 
vegetation. In the Tibetan Plateau, most of the earlier work in study of surface pollen 
samples was conducted separately and locally as part of paleoenvironmental studies (e.g. 
Huang et al., 1983; Li and Liu, 1988; Jarvis and Clay-Poole, 1992; Sun et al., 1993; Van 
Campo et al., 1993; Xiao and Wu, 1996). Recently Yu et al. (2001) examined the spatial 
distribution of pollen taxa and analyzed the relationship between the modern pollen 
assemblages and regional vegetation based on a compiled modern pollen data set based 
on literatures as well as some original data. Although both their study and this one focus 
on the Tibetan Plateau, a completely independent and original data set consisting of 234 
surface pollen samples taken from the Tibetan Plateau is employed herein. By contrast, 
Yu et al. (2001) did not give a detailed description of modern pollen spectra and 
vegetation at sampling sites, and their sampling network also shows an uneven 
distribution among different vegetation types. For example, there are much fewer 
samples from forests than other vegetation types.  
This chapter describes the modern pollen spectra of the Tibetan Plateau as 
recorded in a network of 234 surface pollen samples. Characteristics of the modern pollen 
spectra from a variety of vegetation types is shown, including forests, shrublands, shrub 
meadows, meadows, steppes, and deserts from monsoon climatic regions to arid regions 
(except the westernmost part of the Plateau), and the relationship between pollen rain and 
vegetation types is examined. This study will provide basic information for the further 
study of quantitative relationships among modern pollen rain, vegetation and climate, and 
of quantitative reconstruction of paleomonsoon dynamics.    
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MATERIAL AND METHODS 
 
Two hundred and thirty four pollen surface samples were collected from moss 
polsters, top soil, and lake bottom sediments in the summers of 1993-1995∗, 1999 and 
2001 in the Tibetan Plateau (Figure 3.1, Table 3.1). Pollen sites are located between 29-
40ºN and 90-104ºE, and cover an elevation range from 1100 m to 5230 m (Figure 3.2). 
Samples were processed according to by Faegri and Iversen’s (1975) standard procedure. 
The procedure involves treatment with cold 10% HCl, hot 10% KOH, hot 50% HF, and 
acetolysis solution, staining with safranin, dehydration with tertiary butyl alcohol, and 
mounting in silicone oil. Prior to chemical treatment, moss polsters and soils were stirred 
in distilled water and sieved to remove coarse detritus and sand. More than 400 pollen 
grains were counted for most samples except for some desert samples that contain few 
pollen grains.   
Pollen percentages are calculated from a total pollen sum. ArcGIS and TILIA 
software are used for mapping, plotting  pollen diagrams and statistical analysis of 
modern pollen spectra. 
VEGETATION OF THE TIBETAN PLATEAU 
The Tibetan Plateau, known as the “roof of the world”, is a vast highland with an 
area of nearly 2x106 km2 situated at an average elevation of over 4000 m above sea level.  
Its climate shows a marked southeast- to -northwest gradient in precipitation due to the 
decreasing influence of the Southwest Asian monsoon. Following the steep altitudinal 
and latitudinal climatic gradient on the Tibetan Plateau, the vegetation changes from 
forests to high-cold alpine meadows and shrublands, to alpine steppes and desert. Based 
                                                 
∗ samples were collected by Kam-biu Liu; original pollen and vegetation data were also provided by him. 
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Table 3.1 Site information for the modern pollen surface samples from the Tibetan Plateau
Sample  Lan. Long. Altitude Vegetation
Name (oN) (oE) (m) Material types Common taxa
TS93-01 34.9 102.8 3150 moss Shrub meadow Potentilla, Anemone, Polygonum, Aster, Lancea, Leontopodium
TS93-02 34.8 102.6 3090 moss Shrub meadow Potentilla, Umbelliferae, Polygonum, Corydalis, Compositae
TS93-03 34.7 102.6 3200 moss Shrub meadow Potentilla, Spiraea, Anemone, Papavaceae, Salix, Aster
TS93-04 34.7 102.5 3160 moss Shrub meadow Potentilla, Anemone, Polygonum, Umbelliferae
TS93-05a 34.3 102.3 3440 moss Alpine meadow Stellara, Anemone, Crementhodium, Kobresia, Festuca, Poa
TS93-06 34.2 102.4 3400 moss Marshy meadow Carex, Primula, Anemone, Gentiana
TS93-07 34.0 102.7 3230 moss Alpine meadow Kobresia, Picea forest background
TS93-08 33.9 102.9 3370 moss Alpine meadow Kobresia, Anemone
TS93-09 33.7 103.0 3370 moss Marshy meadow Kobresia, Carex, Gentiana, Anemone, Leontopodium, Aster, Poa
TS93-10 34.0 102.6 3350 moss Marshy meadow Kobresia, Carex, Primula, Anemone, Aster
TS93-11 33.9 102.5 3340 moss Alpine meadow Kobresia, Carex
TS93-12 33.8 102.6 3340 moss Marshy meadow Kobresia, Carex
TS93-13 33.7 102.5 3380 moss Alpine meadow Festuca, Potentilla, Gentiana, Anaphalis, Stellara, Kobresia
TS93-14 33.3 102.5 3350 moss Marshy meadow Carex, Kobresia, Pedicularis, Crementhodium
TS93-15a 32.7 102.4 3410 moss Shrub meadow Potentilla, Spiraea, Salix, Sibirica, Aster, Anemone, Polygonum
TS93-16 32.7 102.4 3410 moss Alpine meadow Equisetum, Carex, Anemone, Umbelliferae, Potentilla, Polygonum
TS93-17 32.5 102.4 3440 moss Alpine meadow Carex, Rumex, Pedicularis, Caryophyllaceae, Potentilla, Umbelliferae
TS93-18 32.5 102.4 3440 moss Alpine meadow Hippophae, Salix, Lonicera, Polygonum, Kobresia
TS93-19 32.6 102.3 3610 moss Alpine meadow Kobresia, Festuca, Potentilla, Polygonum, Anaphalis
TS93-20 32.7 102.1 3660 moss Alpine shrubland Salix, Rhododendron, Potentilla, Spiraea
TS93-21 32.7 102.1 3720 moss Spruce forest Picea, Berberis, Rhododendron, Polygonum, Sibirica, Spiraea, Salix
TS93-22 32.7 102.1 3750 topsoil Spruce forest Sibirica, Salix, Anemone, Picea
TS93-23 32.7 102.1 3720 moss Spruce forest Picea, Rhododendron
TS93-24 32.7 102.1 3740 topsoil Shrub meadow Sibirica, Salix, Picea
TS93-25 32.8 102.1 3410 moss Spruce forest Picea, Betula, Lonicera, Clematis
TS93-26 32.8 102.0 3340 moss Alpine shrubland Rhododendron, Hippophae, Lonicera , Umbelliferae
TS93-27 33.2 101.5 3580 moss Alpine meadow Cyperaceae, Ranunculaceae, Halerpestes, Potentilla, Anemone
TS93-28 33.4 101.3 3990 moss Shrub meadow Caragana, Potentilla, Spiraea, Corydalis, Liliaceae
TS93-29 33.4 101.1 4030 moss Shrub meadow Rhododendron, Salix, Carex
TS93-30 33.3 100.4 4060 moss Alpine meadow Carex, Salix, Sibirica, Potentilla
TS93-31 33.9 99.7 4330 moss Alpine meadow Kobresia
TS93-32 34.7 100.6 3240 moss Shrub meadow Potentilla, Caragana, Salix, Sibirica, Potentilla, Artemisia, Aster
TS93-33 34.7 100.6 3330 moss Spruce forest Picea, Sabina,  Caragana, Salix, Sibirica, Potentilla, Artemisia, Aster
TS93-34 34.7 100.6 3380 moss Spruce forest Picea, Caragana, Salix, Berberis, Aster , Cruciferae, Gramineae
TS93-35 34.6 100.6 3410 moss Sabina forest Sabina, Salix, Carex, Berberis, Potentilla, Caragana, Polygonum
TS93-36 34.5 100.4 3770 moss Shrub meadow Potentilla, Spireae, Salix, Artemisia
TS93-37 34.5 100.3 4200 moss Alpine meadow Polygonum, Kobresia, Festuca, Aster, Potentilla
TS93-38 34.6 99.8 3950 moss Shrub meadow Sibirica, Spireae, Polygonum, Carex, Kobresia
TS93-39 34.6 99.9 3770 moss Alpine shrubland Rhododendron, Salix, Sibirica, Potentilla, Kobresia, Festuca
TS93-40 34.5 100.0 3810 moss Shrub meadow Spiraea, Salix, Potentilla, Polygonum, Kobresia, Anemone, Festuca
TS93-41 34.4 100.3 3850 moss Shrub meadow Potentilla, Festuca, Carex, Kobresia, Anemone, Spiraea, Caragana
TS93-42 34.4 100.3 3820 moss Marshy meadow Carex, Kobresia, Ranunculus, Salix
TS93-43 34.4 100.3 3820 moss Alpine shrubland Salix, Potentilla, Astragalus, Polygonum, Pedicularis, Fragaria
TS93-44 34.6 99.6 4300 moss Alpine meadow Androsace, Festuca, Leontopodium, Potentilla, Carex, Kobresia
TS93-45 34.6 99.5 4760 moss Alpine meadow Kobresia, Polygonum, Arenaria, Draba
TS93-46 34.6 99.3 4440 moss Alpine meadow Kobresia, Androsace, Arenaria, Potentilla, Festuca
TS93-47 34.7 99.1 4450 moss Alpine meadow Kobresia, Arenaria, Androsace, Carex, Potentilla
TS93-48 34.7 99.1 4450 moss Alpine meadow Kobresia, Arenaria, Androsace, Carex, Potentilla
TS93-49 34.7 99.1 4430 mud Marshy meadow Kobresia, Carex, Ranunculus
TS93-50 35.1 98.8 4220 moss Marshy meadow Kobresia, Carex, Poa, Polygonum, Primula, Ranunculus
TS93-51 35.0 98.6 4310 moss Steppe Stipa, Kobresia, Arenaria, Androsace, Compositae
TS93-52 35.0 98.6 4210 topsoil Steppe Poa, Compositae, Ceratoides, Iris
TS93-53 34.9 98.2 4190 topsoil Steppe Poa, Stipa, Astragalus, Potentilla, Leontopodium, Artemisia
TS93-54 35.1 97.7 4250 topsoil Alpine meadow Kobresia, Carex, Festuca,Astragalus, Pedicularis, Potentilla
TS93-55 35.0 97.7 4260 topsoil Steppe Stipa, Carex, Poa, Artemisia, Potentilla, Iridaceae, Leontopodium
TS93-56a 35.0 98.1 4220 topsoil Steppe Stipa, Kobresia, Carex, Papillionoidaceae, Oxytropis
TS93-57 34.9 98.1 4210 mud Steppe Leymus, Polygonum, Puchinei
TS93-58 34.8 98.1 4300 moss Alpine meadow Kobresia, Stipa, Poa, Festuca, Ranunculus, Compositae, Aster
TS93-59 35.5 99.5 4400 moss Alpine meadow Kobresia, Leontopodium, Oxytropis, Androsace, Saxifraga,  Carex
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Table 3.1                                                                                                                                 (continue)        )
Sample  Lan. Long. Altitude Vegetation
Name (oN) (oE) (m) Material types Common taxa
TS93-60a 35.8 99.6 3800 topsoil Steppe Stipa, Carex, Poa, Artemisia, Potentilla, Umbelliferae, Cruciferae
TS93-61 35.8 99.9 3920 moss Alpine meadow Kobresia, Polygonum, Poa, Leontopodium, Potentilla, Oxytropis
TS93-62 35.8 99.9 3910 moss Alpine shrubland Caragana, Potentilla, Ranunculus, Polygonum, Poa, Oxytropis, Aster
TS93-63a 36.0 100.1 3130 moss Steppe Achnatherum, Stipa, Artemisia, Leymus, Umbelliferae, Compositae
TS93-64 36.1 100.4 2960 topsoil Steppe Stipa, Artemisia, Achnatherum, Cruciferae
TS93-65 36.5 100.8 3200 topsoil Steppe Stipa, Achnatherum, Potentilla, Astragalus, Poa, Carex, Festuca
TS93-66 36.7 99.6 3660 topsoil Alpine meadow Kobresia, Astragalus, Leontopodium, Potentilla, Festuca, Thalictrum
TS93-67 36.7 99.2 3110 topsoil Shrub desert Kalidium, Reaumuria, Artemisia, Salsola, Nitraria, Achnatherum
TS93-68 36.8 99.0 3040 topsoil Shrub desert Nitraria, Kalidium
TS93-69 36.1 98.2 3440 topsoil Steppe Achnatherum, Stipa, Cruciferae, Artemisia, Leymus, Astragalus
TS93-70 36.0 97.6 3080 topsoil Shrub desert Kalidium, Allium, Salsola, Sympegma
TS93-71 36.1 97.3 2930 mud Shrub desert Ephedra, Calligonum, Salsola, Haloxylon
TS93-72 36.4 96.3 2870 mud Desert (Barren)
TS93-73a 35.8 94.3 4010 moss Alpine shrubland Potentilla, Astragalus, Festuca, Stipa, carex, Artemisia, Cruciferae
TS93-74 35.9 94.4 3640 topsoil Shrub desert Artemisia, Salsola, Ceratoides, Astragalus, Lapidium
TS93-75 35.9 94.7 3460 topsoil Shrub desert Ceratoides, Salsola, Artemisia
TS93-76 36.1 94.8 3230 topsoil Shrub desert Salsola, Sympegma
TS93-77a 36.6 95.0 2700 topsoil Meadow Phragnites, 
TS93-78 37.7 95.3 3140 topsoil Shrub desert Salsola, Astragalus, Artemisia, Ceratoides, Kalidium
TS93-79 38.5 94.5 3140 topsoil Shrub desert Salsola, Ceratoides
TS93-80 39.3 94.3 3230 topsoil Shrub desert Salsola, Ceratoides, Artemisia
TS93-81 39.6 94.3 1880 topsoil Shrub desert Salsola, Nitraria, Astragalus, Artemisia, Leymus, Reaumuria
TS93-82 40.3 95.3 1100 topsoil Shrub desert Nitraria, Ephedra, Calligonum
TS93-83 35.7 104.0 3490 moss Alpine meadow Potentilla, Polygonum, Aster, Leontopodium, Kobresia, Poa, Carex
TS93-84 35.8 104.0 3290 moss Shrub meadow Potentilla, Salix, Sibirica, Aster
TS93-85 35.8 103.9 3120 moss Alpine shrubland Rhododendron, Salix, Potentilla
TS93-86 35.8 104.1 2360 moss Mixed forest Picea, Quercus, Crataegus, Rosa, Populus, Corylus, Artemisia
TS93-87 35.8 104.1 2280 moss Mixed forest Quercus, Picea, Crataegus, Lonicera, Betula, Sorbus, Pteridium
TS94-01 31.0 101.9 3030 moss Mixed forest Pinus, Salix, Rhododendron, Betula, Rhus
TS94-02 30.1 102.0 2640 moss Mixed forest Larix, Pinus, Picea, Alnus, Quercus, Leguminosae
TS94-03 30.2 101.9 3355 moss Mixed forest Betula, Rhododendron, Quercus, Picea, Acer
TS94-04 30.2 101.9 3360 moss Mixed forest Salix, Potentilla, Betula
TS94-05 30.2 101.9 3640 moss Mixed forest Abies, Picea, Sorbus, Alnus
TS94-06 30.2 101.9 3740 moss Mixed forest Rhododendron, Sorbus, Alnus, Abies, Picea, Betula, 
TS94-07 30.2 101.9 3810 moss Mixed forest Abies, Picea, Larix, Sorbus, Rhododendron, Potentilla, Polygonum
TS94-08 30.1 101.9 3840 lake mud Larch forest Larix, Rhododendron, Abies, Picea, Salix
TS94-09 30.1 101.9 3810 lake mud Mixed forest Rhododendron, Larix, Picea, Abies, Sorbus, Salix
TS94-11 30.1 101.8 4200 moss Mixed forest Rhododendron, Picea, Abies, Salix
TS94-12 30.1 101.8 4180 moss Rhododendron scrub Rhododendron
TS94-13 30.1 101.4 3845 moss Mixed forest Abies, Picea, Rhododdendron, Betula, Larix, Lonicera, Sorbus
TS94-14 30.1 101.4 4045 lake mud Salix scrub Salix, Rhododendron
TS94-15 30.1 101.4 4200 moss Rhododendron scrub Rhododendron, Sorbus
TS94-16 30.1 101.4 4280 moss Rhododendron scrub Rhododendron
TS94-17 31.0 100.9 4320 moss Rhododendron scrub Rhododendron, Potentilla
TS94-18 30.1 100.7 4140 moss Alpine oak shrub Quercus, Spiraea,Rubus, Rosa, Picea, Potentilla, Compositae
TS94-19 30.2 100.7 4120 moss Juniperus shrub Juniperus, Crataegus, Spiraea
TS94-20 31.0 100.3 4150 moss Shrub meadow Rhododendron, Potentilla, Polygonum, Cyperaceae
TS94-21 30.2 100.0 4110 moss Alpine meadow Kobresia, Arenaria,Androsace
TS94-23 30.3 99.6 4500 moss Shrub meadow Rhododendron, Potentilla, Kobresia
TS94-24 30.3 99.6 4470 moss Rhododendron scrub Rhododendron
TS94-25 30.2 99.2 3440 moss Dry oak shrub Quercus, Betulla, Rubus, Bambusoideae
TS94-26 29.7 98.9 2660 moss Dry oak shrub Quercus, Leguminosae, Salix, Artemisia, Selaginella
TS94-27 29.7 98.8 3080 moss Mixed forest Acer, Rosa, Artemisia, Quercus, Picea, Abies
TS94-28 29.7 98.8 3280 moss Alpine oak shrub Quercus, Salix, Potentilla, Leguminosae, Compositae
TS94-29 29.7 98.6 4000 moss Sabina scrub Sabina, Cyperaceae
TS94-30 29.7 98.5 4350 Mud Marshy meadow Carex, Kobresia
TS94-31 29.6 98.4 2800 moss Shrub desert Ascepladaceae, Artemisia
TS94-32 29.6 98.3 3360 moss Rosaceous shrub Populus, Rosa, Rubus, Artemisia, Potentilla, Aster, Pinus, Quercus
TS94-33 29.6 98.3 3430 moss Pine-oak forest Pinus, Rosa, Quercus, Populus, Artemisia
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Sample  Lan. Long. Altitude Vegetation
Name (oN) (oE) (m) Material types Common taxa
TS94-34 29.5 98.3 3740 moss Pine forest Pinus, Populus, Rosaceae, Artemisia, Picea, Betula, Salix
TS94-35 29.6 98.3 3890 moss Oak forest Quercus, Pinus
TS94-36 29.6 98.3 3900 moss Oak forest Quercus
TS94-37 29.5 98.3 3600 moss Shrubland Juniperus, Rosaceae
TS94-38 29.6 98.2 4230 moss Shrubland Juniperus, Potentilla, Rhododendron, Picea, Salix, Rosaceae
TS94-39 29.7 98.1 4770 moss Alpine meadow Juniperus, Cyperaceae
TS94-40 29.7 98.0 4630 moss Shrubland Juniperus, Rhododendron, Potentilla
TS94-41 29.9 97.6 3960 moss Shrub desert Artemisia, Rumex
TS94-42 30.3 97.3 4140 moss Shrub desert Gramineae, Leguminosae, Artemisia
TS94-43 30.7 96.7 4450 moss Marshy meadow Cyperaceae, Ranunculus
TS94-44 29.7 97.8 3885 moss Shrub desert Potentilla, Artemisia, Leguminosae
TS94-45 29.7 98.0 5008 moss Alpine meadow Kobresia, Potentilla, Polygonum, Compositae
TS94-46 29.7 98.6 4045 moss Mixed forest Picea, Rhododendron
TS94-47 29.8 98.8 3515 moss Mixed forest Picea, Abies, Quercus
TS94-48 29.8 99.0 2490 moss Shrub desert Leguminosae, Artemisia, Rosaceae
TS94-49 30.2 99.2 2920 moss Shrubland Rosaceae, Leguminosae
TS94-50 30.3 99.4 3495 moss Mixed forest Picea, Salix
TS94-51 30.3 99.5 4460 moss Shrubland Rhododendron, Salix
TS94-52 30.3 99.5 4390 moss Shrubland Salix, Rhododendron
TS94-53 30.3 99.6 4470 lake mud Mixed forest Quercus, Cyperaceae
TS94-54 30.7 96.7 4450 lake mud Marshy meadow Cyperaceae, Ranunculus
TS95-01 29.8 91.5 3740 moss Steppe Artemisia, Leguminosae, Selaginella
TS95-02 29.7 92.0 4080 moss Shrub meadow Salix, Potentilla, Spiraea, Polygonum, Prunella
TS95-03 29.7 92.1 4180 moss birch forest Betula, Salix, Potenetilla, Spiraea, Carex, Kobresia, Stellera, 
TS95-04 29.8 92.3 4655 moss Shrub meadow Carex, Ranunculus, Rhododendron, Potentilla
TS95-05 29.8 92.3 4920 moss Alpine meadow Kobresia
TS95-06 29.9 92.5 4180 moss Oak-birch forest Betula, Alnus, Salix, Potentilla, Juniperus
TS95-07 29.9 92.7 3905 moss Oak-birch forest Betula,Salix, Quercus, Juniperus
TS95-08 30.0 92.9 3720 moss Oak-birch forest Betula, Quercus
TS95-09 30.0 92.9 3725 moss Oak forest Quercus, Rhododendron
TS95-10 30.0 93.1 3525 moss Oak forest Quercus, Betula, Rhododendron, Salix, Populus
TS95-11 29.9 93.3 3425 moss Oak-birch forest Quercus, Betula, Rosaceae
TS95-12 29.9 93.5 3365 moss Oak forest Quercus, Rosaceae
TS95-13 29.8 93.8 3250 moss Oak forest Quercus, Rosaceae
TS95-14 29.8 94.0 3170 moss Oak forest Quercus, Pinus, Gramineae, Leguminosae, Rosaceae
TS95-15 29.8 94.4 3625 moss Mixed forest Picea, Pinus, Betula, Quercus,Juniperus, Sorbus, Rosa, Acer, Larix
TS95-16 29.7 94.4 3485 moss Mixed forest Picea, Pinus, Betula, Quercus, Eleagnus, Rosa, Brunus
TS95-17 29.7 94.4 3375 moss Mixed forest Picea, Quercus, Larix, Abies, Rubus, Rosa
TS95-18 29.7 94.4 3245 moss Pine forest Pinus, Quercus, 
TS95-19 29.6 94.5 3095 moss Mixed forest Picea, Quercus, Betula, Pinus, Larix, Abies, Rhus, Salix
TS95-20 29.6 94.6 3370 moss Mixed forest Larix, Picea, Betula, Acer, Bamusoideae
TS95-21 29.6 94.6 3525 moss Mixed forest Larix, Betula, Bamusoideae
TS95-22 29.6 94.6 3890 moss Mixed forest Picea, Larix, Acer, Abies, Betula, Rubus, Salix, Rhododendron
TS95-23 29.6 94.6 4065 moss Mixed forest Picea, Salix, Juniperus, Rhododendron, Potentilla
TS95-24 29.6 94.6 4270 moss Rhododendron scrub Rhododendron
TS95-25 29.6 94.7 4500 moss Shrub meadow Rhododendron, Potentilla
TS95-26 29.6 94.7 4540 moss Shrub meadow Rhododendron,Cypraceae
TS95-27 29.9 93.1 3580 moss birch forest Betula, Salix, Quercus, Populus
TS95-28 29.9 92.7 4015 moss birch forest Betula, Salix, Rhododrendron, Spiraea
TS95-29 29.8 92.4 4880 moss Rhododendron scrub Rhododrendron
TS95-30 29.7 90.8 3840 moss Steppe Artemisia, Cruciferae, Allium
TS95-31 30.0 90.7 4100 moss Steppe Artemisia, Chenopodiaceae, Leguminosae, Compositae, Allium
TS95-32 30.1 90.6 4290 moss Steppe Artemisia, Rosaceae, Leguminosae, Gramineae
TS95-33 30.3 90.7 4570 moss Steppe Artemisia, Gramineae, Potentilla, Stellera
TS95-34 30.5 91.1 4255 moss Steppe Artemisia, Gramineae, Rosaceae
TS95-35 30.6 91.5 4610 moss Alpine meadow Kobresia, Androsace
TS95-36 31.4 92.0 4510 moss Alpine meadow Kobresia, Androsace
TS95-37 31.6 91.7 4490 moss Alpine meadow Kobresia, Androsace
TS95-38 31.6 91.6 4590 moss Alpine meadow Kobresia, Androsace, Compositae, Leguminosae, Ranunculus
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Table 3.1                                                                                                                                 (continue)        
Sample  Lan. Long. Altitude Vegetation
Name (oN) (oE) (m) Material types Common taxa
TS95-39 31.6 91.5 4560 moss Alpine meadow Kobresia, Gramineae, Chenopodiaceae
TS95-40 31.4 92.0 4440 moss Alpine meadow Kobresia
TS95-41 31.1 92.3 4640 moss Alpine meadow Kobresia , Gramineae, Leguminosae
TS95-42 31.0 92.5 5040 moss Alpine meadow Kobresia, Potentilla, Gramineae, Leguminosae, Aster, Polygonum
TS95-43 30.9 92.6 4735 moss Alpine meadow Kobresia, Potentilla, Leguminosae, Ranunculus
TS95-44 30.8 92.7 4860 moss Marsh meadow Kobresia, Carex
TS95-45 30.8 92.7 4860 lake mud Marsh meadow Kobresia, Carex
TS95-46 30.8 92.8 4880 moss Marsh meadow Kobresia, Carex
TS95-48 30.7 93.2 4450 lake mud Shrubland Juniperus
TS95-49 30.7 93.2 4450 lake mud Shrubland Juniperus, Potentilla
TS95-50 30.7 93.2 4450 lake mud Shrubland Potentilla, Oxalis, Plantago, Aster
TS95-51 30.7 93.2 4450 lake mud Shrubland Salix, Rhododendron
TS95-52 30.7 92.2 4450 lake mud Shrubland Rhododendron, Salix, Caragana
TS95-53 30.7 92.2 4450 lake mud Shrubland Rhododendron, Salix, Caragana
TS95-54 30.7 92.2 4450 lake mud Shrubland Rhododendron, Salix
TS95-55 30.7 92.2 4450 lake mud Shrubland Potentilla, Polygonum, Plantago, Carex
TS95-56 30.7 93.1 4640 moss Shrubland Rhododendron, Polygonum, Salix
TS95-57 30.7 93.0 4745 moss Alpine meadow Kobresia, Potentilla
TS95-58 30.8 92.9 4830 moss Alpine meadow Kobresia, Androsace, Gramineae, Aster
TS95-59 30.8 92.6 4745 moss Shrubland Rhododendron, Kobresia, Gramineae, Artemisia
TS95-60 31.2 92.1 4545 moss Alpine meadow Gramineae, Artemisia, Kobresia
TS95-61 29.3 90.6 3710 moss Steppe Artemisia, Leguminosae
TS95-62 29.2 90.6 4794 moss Steppe Artemisia, Potentilla, Caryophyllaceae
TS95-63 29.2 90.5 4455 moss Steppe Artemisia, Legominosae
TS99-1 31.5 91.4 4510 moss Alpine meadow Kobresia, Stipa
TS99-2 31.6 92.0 4521 moss Alpine meadow Kobresia
TS99-3 31.6 92.1 4410 moss Alpine meadow Kobresia, Gramineae
TS99-4 32.0 90.6 4500 moss Alpine steppe Stipa, Kobresia, Compositae
TS99-5 32.0 90.7 4570 moss Alpine steppe Stipa, Kobresia
TS99-6 32.0 90.7 4570 lake mud Alpine steppe Kobresia, Stipa
TS99-7 32.0 90.7 4585 moss Alpine steppe Kobresia, Stipa
TS99-8a 32.0 90.6 4450 lake mud Alpine steppe Stipa, Kobresia
TS99-8b 32.0 90.6 4450 lake mud Alpine steppe Stipa, Kobresia
TS99-9 32.0 90.5 4500 moss Alpine steppe Stipa, Kobresia, Leguminosae
TS99-10 32.0 90.5 4520 moss Alpine steppe Stipa, Kobresia
TS99-11 32.6 91.9 5220 moss Alpine steppe Kobresia, Stipa
TS99-12 31.9 91.3 4600 lake mud Alpine steppe Stipa, Kobresia, Ranunculus
TS99-13 34.5 92.7 4430 moss Alpine steppe Stipa
TS99-14 35.4 93.6 4300 moss Alpine steppe Stipa
TS99-15 37.3 95.5 3140 topsoil Shrub desert Artemisia, Ephedra, Chenopodiaceae
TS99-16 37.3 97.9 3100 moss Steppe Artemisa
TS99-17 37.2 99.2 3260 moss Alpine meadow Kobresia, Gramineae, Ranunculus
TS99-18 37.2 99.8 3110 moss Steppe Gramineae, Chenopodiaceae
TS99-19 31.0 91.6 4650 lake mud Alpine meadow Kobresia, Gramineae
TS99-20 31.3 91.8 4510 lake mud Alpine meadow Kobresia, Gramineae
TS99-21 32.0 90.9 4556 moss Alpine meadow Kobresia, Gramineae, Ranunculus
TS99-22 32.9 91.9 5231 moss Alpine meadow Kobresia, Gramineae
TS99-23 33.6 92.1 4700 moss Alpine meadow Kobresia
TS99-24 34.2 92.4 4570 moss Alpine steppe Stipa, Polygonum
TS99-25 35.7 94.0 4690 moss Alpine steppe Stipa
TS01-01 31.5 91.2 4596 moss Alpine meadow Kobresia, Caryophyllaceae
TS01-02 31.5 91.1 4586 moss Alpine steppe Stipa
TS01-03 31.4 90.1 4708 moss Alpine meadow Kobresia, Gramineae
TS01-04 31.4 90.2 4654 moss Alpine steppe Stipa, Kobresia
TS01-05 31.4 90.4 4623 moss Alpine steppe Stipa
TS01-06 31.4 90.5 4605 moss Alpine steppe Stipa, Kobresia
TS01-07 31.3 90.3 4620 lake mud Alpine steppe Stipa, Kobresia
a samples are not shown in pollen diagrams for their containing very little pollen
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Figure 3.2   Elevation at which the surface sample sites are located.
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on a large-scale vegetation map of the whole plateau (Institute of Geography, 1990), ten 
major vegetation regions are recognized (Figure 3.1).  
A. Tropical rainforest-seasonal rainforest. This vegetation type occurs on the 
south slopes and river valleys of the East Himalayas. The climate is tropical and 
monsoonal with high annual precipitation (2000-3000 mm) and a high mean annual 
temperature (> 20ºC ). Tropical rainforest dominated by Dipterocapus, Artocarpus, 
Canarium, Shorea, and Tetrameles can be found at elevations lower than 600 m. 
Seasonal rainforest consisting of Dysoxylum, Chukrasia, Terminalia, Lagerstroemia and 
Altingia occurs at elevations of 600-1000 m. Above 1000 m are subtropical monsoonal or 
montane rain forests dominated by a variety of evergreen oaks (Cyclobalanopsis, 
Quercus), Lithocarpus, Castanopsis, mixed with subalpine conifers such as Picea, Abies, 
and Tsuga (Wu, 1980; Tibetan Investigation Group, 1988) 
 B. Subalpine conifer forest. It is found in the southeastern part of the Plateau, 
which is deeply dissected by several NNW-SSE trending rivers. These river gorges 
punctuate the Himalayan barrier and permit the SW Indian Monsoon to penetrate deeply 
into the Tibetan Plateau and the western interior parts of China. The annual precipitation 
ranges from 400 to 1200 mm and is concentrated in the monsoon season between May 
and October (Wu, 1980). The mean annual temperature varies from 3 to 12 ºC, with a 
coldest air temperature of -20.7 ºC and a warmest air temperature of 32.7ºC. Coniferous 
trees are the dominants in this region, and dominance is maintained by confers of five 
genera─ Abies, Picea, Pinus ,Tsuga and Sabina. The formation also contains an 
admixture of deciduous hardwood genera such as Alnus, Betula and Populus; these are 
successional replacements of the coniferous forest after natural or anthropogenic 
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disturbance. The conifer forest zone, dominated by Abies, Picea and Sabina, occurs 
between 3000 and 4000 m elevation (Figure 3.3). With an increase in elevation, the 
conifer forest zone changes to a shrub zone composed of Rhododendron shrubs together 
with rosaceous genera, and an alpine meadow zone. Evergreen needle-leaved and 
deciduous broad-leaved mixed forests, consisting of Pinus, Tsuga, Quercus, Acer, Betula, 
and Corylus, can be found below the conifer forest zone. In addition, arid desert is also 
found in hot and dry river valleys. It is mainly composed of Pertya, Cotoneaster, 
Androsace, Artemisia, Chenopodium, and Miscanthus (Editorial Broad of Sichuan's 
Vegetation, 1980).   
C. Alpine meadow and shrubland. These vegetation types occur on the relatively 
open and flat-lying terrains in the eastern part of the Plateau at elevations between 3500 
and 5000 m. This region is characterized by cold and wet climatic conditions, with a 
mean annual temperature of –4 - 3ºC, coldest month temperature of –17 to -7ºC and 
warmest month temperature of 5-13ºC. The annual precipitation varies between 350 and 
700 mm, which is mostly brought by summer monsoon penetrating into this region 
through the river gorges. The shrubland consists of Dasiphora, Salix, Sibiraea, 
Rhododendron, Sabina, Potentilla, and Caragana. Alpine meadow is dominated by 
Kobresia spp., together with Polygonum, Thalictrum, Anaphalis, Artemisia, and some 
species of Gramineae, Composite, and Caryophyllaceae (Figure 3.4; Editorial Broad of 
Sichuan's Vegetation, 1980). 
 D. Alpine steppe and shrubland. These vegetation types are found in southern 
Tibet under the rain shadow of the Himalayas, where the annual precipitation ranges from 
230 to 450 mm. The temperature is relatively high compared with that in alpine meadow, 
ab
Figure 3.3  Forests in the subalpine conifer forest region of the Tibetan Plateau.
a) photograph of conifer  and broadleaved mixed forest (Abies, Picea, Alnus, Salix 
Betula, Quercus) near Seven-color Lake, at 3360 m a.s.l,  in Kangding, Sichuan.
(Photo by Kam-biu Liu). b) photograph of conifer  and broadleaved mixed forest 
(Picea, Pinus, Betula)  at 3500 m a.s.l in Nyingchi, Tibet (Photo by Houyuan Lu).                     
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c
Figure 3.4 Photographs of meadows in the Tibetan Plateau.
a. alpine meadow (Kobresia) at ca. 3400 m a.s.l.,  in Zoige , Sichuan (Photo by Kam-biu Liu). 
b. alpine meadow (Kobresia) at ca.4500 m a.s.l., in Nagqu County, Tibet
c. marshy meadow (Kobresia) at ca. 3400 m a.s.l., in Zoige , Sichuan (Photo by Kam-biu Liu). 
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with a mean annual temperature of 0 - 8ºC, coldest month temperature of –12 - -2ºC and 
warmest month temperature of 10-16ºC.  The river valleys and mountains below 4000 m 
in elevation are covered by Sophora moorcroftiana scrub and Aristida triseta steppe. The 
mountains at elevations of 4000 – 4700 m are occupied by alpine steppe dominated by 
Stipa bungeana, S. capillacea, Artemisia wellbyi, A. stracheyii, and shrubland dominated 
by Caragana, Potentilla and Sabina. An alpine meadow zone above 4700 m elevation is 
composed of Kobresia and Polygonum.  
 E. High-cold steppe. This vegetation type occupies a vast region at elevations of 
4400 – 5400 m in the interior of the Plateau. The climate is cold and dry, with a mean 
annual temperature of –6 - 0ºC and an annual precipitation of 150-300 mm.  Stipa 
purpurea, S. basiplumosa, Carex moorcroftii and Artemisia wellbyi are dominants of the 
high-cold steppe (Figure 3.5). Frequent accompanying components include Stipa 
penicillata, S. glareosa, Carex montis-everestii, Festuca ovina, Poa spp., Artemisia 
minor and Astraglus heydei. Usually there are some cushion plants (e.g. Arenaria 
musciformis, Androsace stapete, Thylacospermum rupifragum) and mesic forbs such as 
Kobresia pygmaea (Wang, 1988; Chang, 1981). 
 F. High-cold desert. High-cold desert is found in the northwestern part of the 
Tibetan Plateau, where the elevation is over 5,000 m. This region experiences the coldest 
and driest climate of the Plateau. The mean annual temperature is about –8 to –10 ºC. 
There are 9-10 months in which the mean monthly temperature is lower than 0 ºC, with 
no frost-free season in the year. The mean annual precipitation is only 20-50 mm (Chang, 
1981). The dominants of this vegetation type are cushion minor semi-shrubs adapted to 
extremely cold and dry climate. The representative community is composed of  
ab
Figure 3.5 Photographs of high-cold steppes in central Tibetan Plateau. 
a. Stipa steppe at ca. 4600 m near Bange, Tibet.
b. Stipa steppe at ca . 4500 m near Xuguo Co in Andu, Tibet 
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Ceratoides compacta, with few companion species such as Ajania trilobata, Arenaria 
monticola, Carex moorcroftii, Hedinia tibetica, Oxytropis densa, Pegaeophyton 
scapiflorum, Stipa basiplumosa and Thylacospemum caespitosum. The only woody plant 
in the region is Myricaria hedinii, which grows along rivers (Chang, 1981; Wang, 1988). 
 G. Mountain desert. This vegetation type occupies the mountains and valleys on 
the western edge of the Plateau between the northwestern Himalayas and Karakoram 
ranges. The center of the summer thermal low of Tibet is located in this region, the driest 
and hottest region on the Plateau. The July mean temperature is 15ºC. The annual 
precipitation is no more than 50-75 mm (Chang, 1981). The desert community consists of      
suffrutescent Ceratoides lateens, Ajania fruticulosa and the endemic perennial Christolea 
crassiflora. Some feathergrasses (e.g. Stipa glareso, S. subsessiliflora, S. breviflora) and 
xeric shrubs (e.g. Ephedra gerardiana and Caragana versicolor) are present in the desert 
community where the climate becomes slightly more humid.  
 H. Arid desert. In the northern part of the Plateau lies the Qaidam Basin. Its 
general elevation is 2600-3000 m, ca. 2000 m lower than the surrounding mountains. The 
precipitation gradient decreases from 200 mm in the east to 20 mm in the west. The 
annual mean temperature is 1-5ºC, with a coldest monthly temperature of –15 - -10ºC and 
a warmest monthly temperature of 15-17.5ºC. The arid desert is dominated by 
Chenopodiaceae, Artemisia, Ephedra, Tamarix (T. laxa, T. ramosissima), Nitraria (N. 
tangutorum, N. sibirica), Populus, Calligonum, Graminese, Compositae, Leguminosae, 
Polygonaceae, and Cyperaceae (Figure 3.6; Wu, 1980).  
      I. Dry steppe. This vegetation type is found in the northeastern part of the Plateau 
at elevations of 2000-5000 m, where the annual precipitation ranges from 300 to 500 mm, 
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and the mean annual temperature is –4 - 4ºC. In the south of this region, the vegetation is 
dry steppe, dominated by Stipa bugeana, S. breviflora, S. purpurea, Orinus kokonorica, 
Leymus secalinus, Artemisia scoparia, Achnatherum splendens, and Carex ivanova 
(Figure 3.7). The high mountains to the north support the alpine meadows dominated by 
Kobresia. Picea and Sabina forests are found between 2400 and 4100 m on the northern 
and wetter southeastern slopes of mountains in the northern and eastern margins of the 
region.  
 J. Warm temperate deciduous broadleaved forest. This vegetation type grows 
in the mountains on the eastern edge of the Plateau. The general elevation of the 
mountains is above 2800 m. The climate is warm and wet, with cold winters and cool 
summers. The annual precipitation is 500-750 mm, of which 70-80% is concentrated in 
the months of May to September. The mean annual temperature at an elevation of 2300 m 
is about 8 ºC. Below the elevation of 2500 m is the coniferous and deciduous broadleaved 
mixed forest zone, characterized by Quercus, Tilia, Acer, Peterocarya, Betula, Carpinus, 
Pinus, Tusga, Abies, and Picea. Between 2500 and 3800 m occurs a subalpine conifer 
forest zone, dominated by Abies, Picea, and Rhododendron. Above 3800 m is an alpine 
meadow zone, consisting of Cyperaceae, Graminerae, and Compositae. 
MODERN POLLEN RAIN 
 Although theoretically each modern pollen sample can be assigned to a major 
vegetation region based on its geographical location, in practice this is difficult and 
unsound because the vegetation boundaries are transitional and hard to recognize in the 
field. Moreover, azonal vegetation communities can and often occur locally within a 
major vegetation region; for example, isolated stands of forest can occur near the ecotone 
ab
Figure 3.7   Photographs of dry steppes in the northeastern part of the Tibetan Plateau.
a. Stipa steppe at ca. 3100 m a.s.l., in Tianjun,  Qinghai
b. Stipa steppe at ca. 3110 m a.s.l, in Gangcha, Qinghai
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within the alpine meadow region, and shrub meadow or even hot valley deserts can occur 
within the subalpine conifer forest region. Therefore, in the field, each pollen sample was 
classified into a vegetation type (e.g. oak forest, rhododendendron scrub, marshy 
meadow) according to the local vegetation community from which it is derived, and the 
characteristic or common plant taxa that occur locally were recorded (Table 3.1). These 
local vegetation communities were then classified into six main vegetation groups ─ 
forest, shrubland, shrub meadow, meadow, steppe, and desert. Among the 234 pollen 
surface samples, 50 are derived from forest, 37 from shrubland, 20 from shrub meadow, 
66 from meadow, 42 from steppe, and 19 from desert.  Based on their polynological 
signatures, the pollen samples from each major vegetation type are classified into several 
sub-groups by means of cluster analysis (Grimm, 1987). Here we describe the main 
features of pollen spectra in each vegetation type. 
Forest 
The pollen sample sites are located in the subalpine conifer forest and warm 
temperate deciduous broadleaved forest regions. The pollen spectra are characterized by 
high percentages of tree pollen (Figure 3.8). As expected, the main tree pollen types are 
Pinus, Abies, Picea, Quercus and Betula. Common herbaceous pollen types are 
Artemisia, Gramineae, Cyperaceae, Compositae, Thalictrum and Rannuculaceae. Pollen 
of shrubs such as Salix, Rhododendron, and Rosaceae are frequently present. Pollen 
spectra can be classified into eight groups based on the local vegetation types from which 
the surface samples were collected. 
Pollen spectra from subalpine mixed forest are dominated by tree pollen, 
including Pinus, Picea, Abies, Quercus and Betula.  Other tree pollen such as Tsuga, 
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Larix, Alnus, and Corylus are also found in most of the pollen samples. The highest 
percentages of Picea, Pinus, Quercus, and Betula occur in pollen spectra from spruce 
forest, pine forest, oak forest, and birth forest, respectively. One sample taken from larch 
forest has up to 60% Larix pollen, whereas one sample taken from Sabina forest contains 
more than 25% Cupressaceae pollen. The pollen spectra from oak-birch forest are mainly 
composed of tree pollen dominated by Quercus and Betula, and herbaceous pollen 
dominated by Artemisia. In pollen spectra from pine-oak forest, Pinus and Quercus are 
common tree pollen, but the most frequent pollen is Artemisia. 
Shrubland 
Shrublands generally occur in forest regions above the treeline; few can be found 
in meadow regions. Pollen spectra (Figure 3.9) are characterized by high percentages of 
shrubs such as Rhododendron, Salix, Quercus and Juniperus (one genus of 
Cupressaceae). According to their vegetation types observed in field, pollen spectra are 
classified into five groups.  
Two subgroups of pollen spectra from Rhododendron scrubs can be recognized 
by pollen percentages. Pollen spectra of subgroup RS1 are dominated by Rhododendron 
pollen, accounting for more than 50% of total pollen sum. Common herbaceous pollen 
types include Gramineae, Composiae, Artemisia, Polygonum, and Cyperaceae. 
Percentages of tree pollen are low, and only Pinus, Quercus and Betula pollen are 
frequently present. Pollen spectra from subgroup RS2 still contain abundant 
Rhododendron pollen, but much less than these of subgroup RS1, whereas more tree 
pollen such as Abies, Picea, Pinus, Quercus and Betula are present.  Pollen spectra from 
juniper scrubs are characterized by high percentages of Cupressaceae pollen. Two pollen 
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spectra (subgroup JS1) are completely dominated by Cupressaceae pollen, in which 
Cupressaceae pollen made up more than 70% of total pollen sum. Other pollen spectra 
(subgroup JS2) have less Cupressaceae pollen (10-30%), but more tree pollen such as 
Abies, Picea and Pinus, and more herbaceous pollen from Gramineae and Artemisia. 
These spectra from willow shrublands have the highest percentages of Salix pollen 
among pollen samples from the shrublands. Relatively low percentages of Rosaceae 
pollen, high percentages of herbaceous pollen including Artemisia, Gramineae, 
Compositae, and Cyperaceae distinguish the pollen spectra of rosaceous shrublands from 
the others. Pollen spectra from alpine dry oak shrublands are characterized by the highest 
Quercus pollen percentages among pollen spectra from shrublands, and relatively high 
percentages of Abies, Picea, Pinus, Rosaceae and Artemisia.   
Shrub meadows 
Shrub meadows are found in vegetation regions of alpine meadow and shrubland. 
The main components of shrubs are similar to those in shrublands, including 
Rhododendron, Salix, Juniperus, and Potentilla. Shrubs are scatted amid meadow herbs 
as accompanying components, thus they cannot be used as indicators to further 
distinguish meadows. Pollen spectra from shrub meadows can be classified into five 
distinct groups (Figure 3.10) based on the result of cluster analysis on pollen percentages.  
Group SM1 is characterized by its abundance of arboreal pollen, and by moderate 
amounts of herbaceous pollen such as Artemisia, Cyperaceae, Rununculaceae, 
Thalictrum, and Polygonum.  The most frequent tree pollen is Quercus, followed by 
Pinus, Abies, Picea, Betula, and Larix. Common shrub pollen types are Rosaceae, Salix, 
Rhododendron, and Potentilla. Group SM2 has the highest amounts of Artemisia in shrub 
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meadows, together with moderate amounts of Quercus, Betula, Gramineae, and 
Cyperaceae. Group SM3 is readily distinguished by its highest Cyperaceae pollen (more 
than 50% for most samples), low amounts of tree pollen, and some shrub pollen such as 
Rosaceae, Salix, and Tamarix.  Group SM4 is well defined by the highest amounts of 
Rosaceae pollen (15-25%). The dominants of herbaceous pollen in this group are 
Cyperaceae, Polygonum, Artemisia, and Compositae. Group SM5 only contains sample 
TS93-03. This spectrum is dominated by Compositae pollen, together with Cupressaceae, 
Umbelliferae, Cyperaceae, and Ranunculaceae pollen. 
Meadows 
In the Tibetan Plateau, alpine meadows are not only found in alpine meadow and 
shrubland region, but also in areas above treeline in the tropical rainforest-seasonal 
rainforest and subalpine conifer forest regions. Except in a few samples, pollen spectra 
are characterized by high pollen percentage of Cyperaceae (more than 50%) and low 
percentages of arboreal pollen (Figure 3.11). Seven groups are recognized by cluster 
analysis of pollen percentages.  
Pollen spectra of group M1 are dominated by Cyperaceae pollen, together with 
Gramineae, Compositae, Chenopodiaceae, and Ranunculaceae. Very few arboreal pollen 
are found in pollen spectra of this group. In group M2, pollen percentages of Cyperaceae, 
Gramineae, Chenopodiaceae, and Ranunculaceae decrease markedly, whereas arboreal 
pollen such as Abies, Picea, Pinus, Rosaceae, and Potentilla increase. Cyperaceae 
dominates the pollen spectra of group M3, with its pollen percentages reaching more than 
60%. The pollen spectra of group M3 also contain more Artemisia, Quercus, Betula, and 
less Gramineae and Chenopodiaceae than those of group M1. The lowest percentages of 
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Cyperaceae pollen among pollen spectra from meadows distinguish group M4. Some 
pollen spectra of group M4 also have the highest amounts of Chenopodiaceae, Artemisia, 
Thalictrum, Quercus, and Betula pollen. In group M5, 50-75% of the pollen sum are 
Cyperaceae pollen. Pinus, Artemisia, Rosaceae and Compositae pollen are present in 
modest amounts, whereas Gramineae, Ranunculaceae, Thalictrum, and Caryophyllaceae 
pollen are absent in the most samples. Pollen spectra of group M6 are characterized by 
the highest amounts of Cyperaceae pollen (70-100%) in the meadow samples. Comparing 
to group M6, pollen spectra of group M7 have slightly less Cyperaceae pollen, but more 
Chenopodiaceae, Compositae, and Thalictrum pollen. 
Steppes 
 Steppe is the most widely-distributed vegetation type in the Tibetan Plateau. 
Three types of steppes, i.e. alpine steppe, high-cold steppe, and dry steppe, can be found 
in the southern, central and northeastern parts of the Plateau. Pollen spectra from steppes 
have completely different characteristics from different steppes (Figure 3.12). The 
dominants are herbs, including Gramineae, Artemisia, Cyperaceae, Chenopodiaceae and 
Compositae. The samples can be classified into four groups by cluster analysis.  
Pollen spectra of group S1 are dominated by Cyperaceae and Gramineae pollen. 
Chenopodiaceae, Artemisia, Compositae and Leguminosae are present in modest 
amounts. In pollen spectra of group S2, Chenopodiaceae becomes dominant instead of 
Gramineae, together with modest amounts of Cyperaceae, Artemisia, and Gramineae. 
Arboreal pollen is found occasionally in both groups S1 and S2. Group S3 is 
characterized by high pollen percentages of Artemisia (30-50%) and Gramineae (10-
30%), and low percentages of arboreal pollen such as Pinus, Quercus, Betula.   
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Cupressaceae, Rosaceae, and Rhamnus. Pollen spectra of group S4 are distinguished by 
the highest percentages of Artemisia with a little Gramineae and Chenopodiaceae pollen.   
Desert  
Nineteen samples were taken from the hot valley desert and arid desert. The hot 
valley deserts are an azonal vegetation type found in the subalpine conifer forest region in 
the southeastern part of the Plateau. The arid desert occurs in the Qaidam Basin and the 
southern margin of the Tarim Basin. Pollen spectra from deserts (Figure 3.13) are 
characterized by high pollen percentages of Chenopodiaceae and Artemisia. Common 
herbaceous pollen types include Cyperaceae, Gramineae, and Compositae. Ephedra and 
Nitraria are the main shrub pollen types.  Little tree pollen is found in desert samples 
except those from hot valley deserts. The pollen samples can be divided into three groups 
by the cluster analysis.Group D1 is distinguished  by the highest Chenopodiaceae pollen 
percentages (>70%). Aretemisia and Chenopodiaceae dominate the pollen spectra of 
group D2, together with some Ephedra and Gramineae. The samples of Group D3 were  
taken from the hot valley deserts. Their pollen spectra contain very little Chenopodiaceae 
but relatively high percentages of arboreal pollen, including Abies, Picea, Pinus, 
Cupressaceae, Quercus, Salix, and Rosaceae. The dominant of herbaceous pollen is 
Artemisia (27-50%). Gramineae, Compositae,  Ranunculaceae, Leguminosae, and 
Cyperaceae are present in low or modest amounts.   
DISCUSSION AND CONCLUSIONS 
Modern Pollen ─ Vegetation Relationships 
Modern pollen spectra in the Tibetan Plateau show a strong relationship with 
vegetation types (Figure 3.14). Major vegetation types, including forest, shrubland, shrub 
meadow, meadow, steppe and desert, can be characterized by their pollen spectra.  
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Forests are well defined by high amounts of tree pollen. Generally tree pollen 
percentages from forests are more than 60%. Pollen spectra from forests not only reflect 
regional vegetation patterns by their overall composition, but also indicate local forest 
communities by the relative abundance of their characteristic taxa. Each group of pollen 
spectra defined by vegetation types can be well correlated with the dominant trees in the 
forests (Figure 3.15). For example, high percentages of Pinus, Quercus, and Picea clearly 
indicate the occurrence of pine, oak and spruce forests, respectively. However, some 
pollen spectra (e.g. TS94-05) from mixed forests also show a complexity in composition, 
in which some pollen types (e.g. Betula) that occur at relatively high pollen percentages 
are derived from trees that are not found in their local forest communities. On the 
different slopes and in the different altitudinal vegetation zones in the southeast of the  
Plateau occur pure or mixed forests of pine, oak, birch, spruce, and fir , thus the pollen 
spectra from these forests  have a mixed assemblage of different vegetation types.    
The samples from shrublands have the highest amounts of shrub pollen (38% on 
average) among all the samples (Figure 3.14). The dominants of shrublands, such as 
rhododendron, juniper, willow, and shrub oak, are well-represented in most of these 
pollen spectra (Figure 3.16). However, some pollen spectra have high percentages of both 
tree pollen and shrub pollen. Pollen spectra from shrub meadows have less shrub pollen 
than those from shrublands, but more than those from meadows, steppes and deserts. The 
most frequent shrub pollen in this vegetation type is Rosaceae. Except in a few samples 
with high amounts of Compositae and Artemisia, most of pollen spectra are dominated by 
Cyperaceae pollen. It also seems clear that there is a major difference in the quantity of 
tree pollen between shrub meadows from the southeast and the northeast (Figure 3.16). 
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Pollen spectra from the former region contain more tree pollen than those from the latter 
region, reflecting a difference in regional  vegetation. 
 In the Tibetan Plateau, meadows are dominated by Kobresia spp. As expected, 
pollen spectra from meadows are characterized by the very high percentages of 
Cyperaceae pollen. The highest amounts of Cyperaceae pollen are found in pollen spectra 
from alpine-marshy meadows (groups M6 and M7 in figure 3.11) (Figure 3.17). Pollen 
spectra from the transitional region between meadows and steppes (called as steppe-
meadow in Figure 3.17) have much less Cyperaceae pollen than those from alpine 
meadows (mainly found in the central-south part of the Plateau) and alpine-marshy 
meadows (mostly found in the eastern Plateau). Besides Cyperaceae pollen, common  
pollen types in the meadows are Artemisia, Gramineae, Composite, Caryphyllaceae, 
Polygonum, and Thalictrum, whose producer plants are frequently found in meadows.   
Pollen spectra from Stipa steppes are characterized by the highest percentages of 
Gramineae pollen, and high Cyperaceae pollen percentages. The general trend is that, the 
closer the sampling sites are to the steppe/meadow ecotone, the higher the Cyperaeae 
pollen percentages. Pollen spectra from Artemisia steppes have the highest percentages of 
Artemisia pollen, whereas pollen spectra from dry steppes located close to the 
steppe/desert ecotone have relatively high percentages of Chenopodiaceae (Figure 3.17).  
Pollen spectra from arid desert are dominated by Chenopodicaceae, although 
Ephedra, Artemisia, Grmineae, and Cyperaceae are frequently present. On the other 
hand, pollen spectra from the hot valley deserts are distinguished by little or no 
Chenopodiaceae but relatively high frequencies of Artemisia and arboreal pollen. It is 
evident that the tree pollen grains are derived from the forests growing on more humid 
mountain slopes above the river valley. 
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Pollen Representation 
 As expected, tree pollen decreases as the vegetation changes from forests to non-
forest vegetation types (Figure 3.14). However, tree pollen percentages are still higher 
than 20% for some samples from shrublands, shrub meadows, and even meadows, where 
no trees grow. Some pollen spectra from non-forest vegetation types above treeline in the 
West Himalayas and Nepal also have high percentages of tree pollen (Bera and Gupta, 
1989; Yonebayashi and Minika, 1997). Many researchers have noted the phenomenon of 
upslope transportation of low-elevation pollen in mountainous region (Maher, 1963; 
Flenley, 1979; Markgraf, 1980; Solomon and Silkworth, 1986; Spear, 1989). Winds on 
the mountains are usually up-valley during the day and down-valley at night. Up-valley 
wind brings pollen uphill during the afternoon, and pollen deposits in the afternoon or 
evening rainfall (Flenley, 1979). This distortion of the pollen signal has made it difficult 
to recognize high elevation type on the basis of their pollen assemblages in many areas. 
However, a modern pollen studies from mountainous regions throughout the world shows 
that examining modern pollen spectra in a large geographic region that incorporates 
multiple altitudinal, latitudinal, and longitudinal environmental gradients allows the 
characteristics of the high-elevation pollen signatures to be determined using both local 
and regional pollen signatures (Minckley and Whitlock, 2000).  
 In the Tibetan Plateau, pollen samples with relatively high tree pollen percentages 
from non-forest vegetation types were collected from the forest region. Generally, 
shrublands, shrub meadows, and meadows are located above the treeline, and conifer 
forests, oak forests and birch forests grow below them. These pollen spectra thus do 
indeed detect the vegetation patterns at the regional scale. On the other hand, the local 
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pollen signatures such as high percentages of shrub pollen also reflect their vegetation 
zones at local level. Therefore, these pollen spectra can be used to identify the vegetation 
and climate patterns.  
 Abies, Picea, Pinus, Quercus, and Betula are dominant tree taxa in a variety of 
forests.  It is difficult to discuss their pollen representation in details without the 
quantitative observation for their producers. However, comparing our field observation 
on common plant taxa near the sampling sites, we can still find some facts about pollen 
representation of these tree taxa. Pollen percentages of Abies never exceed 20% although 
Abies is very common in some sites. Previous studies have shown Abies is under-
represented in the pollen rain(Sugita, 1993; Jarvis, 1993). Other tree taxa, including 
Picea, Pinus, Quercus and Betula, are well-represented or even over-represented in the  
pollen rain. They usually occur at fairly  high pollen percentages where their producers 
are present, and at low to moderate percentages even where their producers are absent.  
 Most of the shrubs such as Rhododerdron, Salix, Juniperus, and Rosaceae are 
under-represented. Pollen grains of Rhododerdron, Salix, and Juniperus are rarely found 
beyond their growing area, and no more than 20% Rosaceae pollen is present in all sites 
even where the vegetation is dominated by rosaceous shrubs. For Cyperaceae, 
Gramineae, Artemisia and Chenopodiaceae, their pollen are abundantly produced and 
wind-transported. Comparison between pollen data and vegetation observation seems to 
show that they are well represented. 
 In summary, our modern pollen network consisting of 234 surface samples fills a 
great gap in China, especially the Tibetan Plateau. The results of our study show that 
pollen spectra do reflect the modern vegetation at local and regional scale in the Tibetan 
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Plateau. Therefore, we can use this pollen database to explore the pollen/vegetation and 
pollen/climate relationships by a variety of numerical methods for the quantitative 
reconstruction of past vegetation and climate. The Tibetan Plateau plays a key role in the 
development and strength of the Southwest monsoon system of Asia. Detailed 
vegetational and climatic histories from the Tibetan Plateau are vital for testing the 
hypotheses concerning the relative importance between precession-forced radiation 
changes and altered surface boundary conditions in controlling the timing and changing 
strengths of the Southwest monsoon (COHMAP Members, 1988). So this modern pollen 
database will contribute to the research on the variations of the SW monsoon and global 
biome mapping (Prentice and Webb, 1998).  
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CHAPTER 4 
NUMERICAL ANALYSES OF MODERN AND FOSSIL POLLEN DATA FROM THE 
TIBETAN PLATEAU 
 
INTRODUCTION 
 Pollen analysis is a principal method in Quaternary environmental reconstruction. The 
primary task for Quaternary palynologists is to reconstruct past vegetational and climatic changes 
from fossil pollen records preserved in lake, bog, or ocean sediments (e.g. Liu and Lam, 1985; 
MacDonald and Edwards, 1991; Birks, 1995). Understanding the quantitative relationships 
between modern pollen rain and contemporary vegetation and climate is vital for the 
interpretation of vegetation and climate history based on fossil data (Bent and Wright, 1963; 
Davis, 1967; McAndrews and Wright, 1969; Webb and Bryson, 1972; Webb et al., 1981; 
Overpeck et al., 1985; Bartlein et al., 1986; Delcourt et al., 1987). The increasing use of 
computers since the early 1970s has permitted a number of numerical techniques to be applied in 
Quaternary palynology to analyze modern and fossil pollen data (e.g. Davis and Webb, 1975; 
Webb and McAndrews, 1976; Birks and Gordon, 1985; Liu and Lam, 1985; Overpeck et al., 
1985; Delcourt and Delcourt, 1987; Birks, 1995).  
The identification of modern analogs is a common procedure for the quantitative 
reconstruction of past vegetation and climate. The mathematical techniques used to measure the 
degree of similarity between modern and fossil pollen spectra include discriminant analysis (Liu 
and Lam, 1985; MacDonald and Ritchie, 1986; MacDonald, 1987; Sugden and Meadows, 1989; 
Liu, 1990), principal components analysis (MacDonald and Ritchie, 1986; MacDonald, 1987), 
dissimilarity coefficients (Overpeck et al., 1985; Huntley, 1990), and detrended correspondence 
analysis (Jacobson and Grimm, 1986). On the other hand, the proven and well-established 
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methods involved in quantitative reconstructions of climate include transfer functions (Webb and 
Bryson, 1972; Birks, 1995), response surfaces (Bartlein and Prentice, 1986; Webb et al, 1993), 
and the best modern analogues (Overpeck et al, 1985; Guiot, 1987, 1990).  
 In this chapter, I carried out two sets of investigations. First, the modern pollen spectra 
were classified into groups by means of cluster analysis and detrended correspondence analysis, 
and the pollen groups in terms of major vegetation types were defined by comparing the modern 
pollen groups with local vegetation. In this procedure, the pollen types that are statistically 
important for describing major vegetation types were also determined. Finally discriminant 
analysis was used to further validate the classification of modern pollen spectra, and to identify 
the modern analogs for the fossil pollen spectra discussed. In the second set of investigations, 
canonical correspondence analysis was used to analyze pollen data and climate data to identify 
climate variables that typify the climatic gradients among modern pollen sampling sites and 
determine the modern pollen-climate relationships. Also, the transfer functions were built by 
using the inverse linear regression and weighted averaging partial squares regression to 
quantitatively reconstruct the past climate based on fossil pollen records.  At the end, a case study 
was conducted to validate the applicability of discriminant functions and transfer functions to the 
fossil pollen spectra from a small proglacial lake in the eastern Tibetan Plateau. 
DATA AND METHODS 
Pollen and Vegetation Data 
 The pollen dataset used in the numerical analysis consists of 227 modern pollen spectra 
(Figure 4.1) presented in Chapter 3. For data standardization and consistence, 20 pollen types 
were selected to represent the major and minor pollen types in the modern pollen spectra. New 
pollen percentages were recalculated based on a sum of these 20 pollen types (Figure 4.2). 
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Among the 20 pollen types, major tree pollen types are Abies, Picea, Pinus, Quercus, and Betula; 
shrub pollen types are Rhododendron, Rosaceae, and Salix; and herb pollen types are Gramineae, 
Compositae, Artemisia, Chenopodiaceae, and Cyperaceae. Minor pollen types include tree pollen 
Tusga and Corylus, and herb taxa Ranunculaceae, Thalictrum, Caryophyllaceae, Polygonum, and 
Leguminosae. Cupressaceae pollen was excluded from the major pollen types because it is poorly 
preserved in fossil pollen spectra.   
 The regional vegetation types have been described in Chapter 3. Although detailed 
descriptions of local vegetation around every site based on the field observations are available 
(see Chapter 3), data necessary for the quantitative comparison of pollen and vegetation data 
such as the basal areas of trees are not available, so it is not possible to make statistical 
comparison between pollen and vegetation data (e.g. Davis, 1963; Parsons and Prentice, 1981; 
Delcourt et al., 1987). However, the descriptions of common plants surrounding the sampling 
sites provide valuable information for relating the pollen signatures to their local vegetation 
types. These local vegetation types were used for comparing with groups of modern pollen 
samples in this chapter.  
Climate Data   
 Climatic data for each site were derived from 214 meteorological stations in the Tibetan 
Plateau and its adjacent areas (Figure 4.3). The stations are unevenly distributed, with more 
stations in the eastern part than the western part. Most of climate data are derived by averaging 
values over a 30-40 year period except in some stations in remote areas or high mountains where  
the lengths of the records are only several years.  The linear interpolation method was used to 
map the spatial patterns of  temperature parameters including mean January temperature (Tjan ), 
mean July temperature (Tjuly ), and mean annual temperature (MAT). To take into account the 
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regional differences in data network density and topographic variation, the Plateau was divided 
into three parts─ southern Plateau (28-32ºN), central Plateau (32-37ºN) and northern Plateau (37-
42ºN). The regression functions derived from each part of the Plateau were used to calibrate the 
climatic parameters of temperature. Due to great regional variations in mean annual precipitation 
(MAP) and the topographic effects on rainfall, natural neighbor interpolation was used to 
calculate the mean annual precipitation (Figure 4.2), because it is a better interpolation method 
than others for scatter point data (Sibson, 1981), 
Methods 
 Cluster analysis is a numerical technique that classifies samples into the groups according 
to the dissimilarity between them. It has been widely used to analyze modern pollen data (Birks, 
1973; Markgraf et al., 1981; Dodson, 1983; Lamb, 1984). Birks and Gordon (1985) provided a 
detailed description of cluster analysis. In this study, Grimm’s (1987) CONISS, which uses the 
method of incremental sum of squares and Edwards & Cavalli-Sforza's chord distance as 
dissimilarity coefficients, was applied to analyze the non-sequence modern pollen dataset to 
classify the surface samples. 
 Detrended correspondence analysis (DCA) is an ordination method commonly used to 
analyze modern and fossil pollen data (Jacobson and Grimm, 1986). The results, expressed as a 
series of scores for the samples and pollen taxa, are plotted on the first two DCA axes to 
delineate the sample groups by clustering the close sample points and to reveal the behaviors of 
pollen taxa on those two axes. The objective of using DCA in this study is to cross-check the 
sample groups defined by the cluster analysis and determine the importance of different pollen 
types in different groups. DCA of surface samples was implemented by using data analysis of the 
Tilia software (Grimm, 1989). 
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 Discriminant analysis is a mathematical technique used to measure the degree of 
similarity between modern and fossil pollen assemblages (Liu and Lam, 1985; MacDonald and 
Ritchie, 1986; Sugden and Meadows, 1989). It is used here to double check the classification 
done by cluster analysis and DCA, to determine how well the modern pollen assemblages can 
provide modern analogues for certain vegetation types, and to build the discriminant functions 
for identifying modern analogues from the fossil pollen spectra. The interpretation of results 
follows the procedures of Liu and Lam (1985). Software used in this procedure is SPSS 10.0. 
 Canonical correspondence analysis (CCA) (ter Braak, 1986, 1987) is the constrained or 
canonical version of correspondence analysis (CA). “CCA performs a direct gradient analysis or 
constrained ordination of biological ‘response’ data in relation to two or more environmental 
‘predictor’ variables. It selects ordination axes that are linear combinations of the environmental 
variables that maximize the dispersion of the taxon scores. A CCA ordination diagram 
simultaneously displays the main patterns of biological variation, as far as these reflect 
environmental variation, and the major patterns in the weighted averages of each taxa in relation 
to the environmental variables” (Birks, 1995, p). CCA was used here to reveal what climatic 
parameters’ variation sufficiently reflect the main patterns of variation in the modern pollen rain 
and to determine the climatic parameters used in the transfer functions. MSVP 3.0 was used to 
implement CCA.  
 Modern pollen-climate transfer functions were developed using inverse linear regression 
(Webb and Clark, 1977; Andrews et al., 1980; Heusser and Streeter, 1980; Bernabo, 1981; Howe 
and Webb, 1983; Swain et al., 1983) and weighted-averaging partial least squares (WA-PLS) 
regression (ter Braak and Juggins, 1993; ter Braak et al., 1993; Birks, 1995; Seppa and Birks, 
2001). Birks (1995) provided a detailed description of transfer function methodology and critical 
  
 
102
discussion of general theory, assumptions and techniques used for developing transfer functions. 
Statistica 4.5 and WA-PLS program provided to me by Dr. H.J.B. Birks (personal 
communication, 2002) were used to develop the transfer functions.  
RESULTS 
Cluster Analysis, DCA, and Discriminant Analysis 
The results of cluster analysis on the percentages of 20 pollen taxa (Figure 4.2) suggest 
that these 227 samples can be divided into 14 groups. Group TS1, TS2, and TS3 are dominated 
by Chenopodiaceae, Artemisia, and Gramineae, respectively. Groups TS4 and TS5 are both 
characterized by the highest percentages of Cyperaceae, but Gramineae pollen are more frequent 
in group TS4 than in group TS5. Although all samples in group TS6 have moderate amounts of 
Cyperaceae pollen, this group is more heterogeneous than groups TS1 to TS5. In group TS6, 
some pollen spectra have more Artemisia and Chenopodiaceae pollen and others more 
Compositae pollen.  There are not marked dominant pollen types in group TS7, and common 
pollen types include Cyperaceae, Artemisia, Gramineae, Compositae, Quercus, Betula, and 
Rosaceae. Group TS8 is completely dominated by Rhododendron pollen (40-90%). Groups TS9-
14 are characterized by high amounts of tree pollen such as Abies, Picea, Pinus, Quercus, and 
Betula. These six groups are distinguished by fluctuations in pollen percentages of different tree 
taxa, Artemisia, and Cyperaceae.  
A comparison between groups of surface samples and their local vegetation types (Figure 
4.4) shows that variations in modern pollen rain are related to differences in vegetation. The 
group TS1, dominated by Chenopodiceae pollen, consists of all samples except one from arid 
desert, two samples from steppe, and one from meadow. Most samples of the group TS2 with 
pollen percentages of Artemisia more than 40% are from steppes, probably sage steppes (see 
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Table 3.1). Except for two samples from meadow, samples in group TS3 are from the Stipa 
steppes in the central Plateau.  The samples of groups TS4-7 are from either meadows or shrub 
meadows, except for seven samples. High pollen percentages of Cyperaceae in these samples 
reflect the importance of sedges as a dominant in meadows, although the percentages of such 
taxa as Artemisia, Gramineae, and Composite may be higher than Cyperaceae in some samples, 
probably implying they represent different communities of meadows. All samples in the 
Rhododendron-dominated group TS8 are from Rhododendron scrubland. Groups TS9-14 are 
mainly composed of samples from forests, although some samples from scrublands, shrub 
meadows, meadows, and hot valley deserts are also classified into these groups. The 
misclassification of surface samples from non-forest vegetation types into groups dominated by 
forest samples by cluster analysis is probably attributed to four causes. First, pollen rains from 
forests accumulate in areas above treeline due to uphill transportation of pollen by wind, as 
discussed in the Chapter 3. Secondly, sampling sites are located in the transitional areas of forest 
and non-forest, i.e. the ecotones. Thirdly, pollen spectra are strongly affected by the local  
vegetation communities, especially individual plants living at or near the sampling site. Finally, 
some sampling sites are situated in basins or river valleys surrounded by mountains where forests 
grow, e.g. samples from hot valley desert.  
The results of detrended correspondence analysis are given in Table 4.1 and Figure 4.5, 
and the positions of the 227 samples and pollen types on the first two DCA axes are shown in 
Figure 4.6. The geometrical representation in the first two DCA axes accounts for 69% of the 
original variability, and can thus be regarded as providing a reasonable summary of the 
information contained in the full 20-dimensional space. The ordination of samples (sample score) 
is directly related to the ordination of pollen types (variable score), in which samples having high 
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Table 4.1   Results of correspondence analysis of 227 surface samples: 
                         scores of pollen types for four DCA axes.
Axis 1 Axis 2 Axis 3 Axis 4
Abies 0.11 1.40 1.64 1.38
Picea 0.37 1.80 3.55 0.81
Pinus 0.40 1.20 2.69 1.34
Tsuga 0.30 1.64 1.76 0.57
Quercus 0.22 0.27 0.72 2.96
Betula 0.27 1.56 -0.02 2.29
Corylus 0.97 1.99 2.64 1.86
Salix 1.23 2.94 2.45 3.42
Rhododendron -0.32 3.38 -0.22 -0.27
Rosaceae 1.36 2.28 1.50 1.46
Gramineae 2.56 1.04 0.49 0.27
Compositae 2.03 2.02 1.22 1.34
Artemisia 1.90 0.00 1.94 0.30
Chenopodiaceae 3.89 1.39 1.93 1.07
Ranunculaceae 1.87 1.81 0.79 1.63
Thalictrum 2.18 2.15 2.04 1.81
Caryphylla 2.28 1.04 1.76 0.40
Polygonum 1.24 3.17 0.23 0.11
Leguminosae 1.88 1.49 1.85 1.51
Cyperaceae 2.79 2.64 2.08 2.14
Eigenvalue 0.58 0.30 0.23 0.16
Percentage of the variance 45.72 23.52 17.95 12.81
Cumulative percentage
of total variance 45.72 69.24 87.19 100.00
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scores on an axis are dominated by pollen types having high scores on that axis (Jacobson and 
Grimm, 1986). The first axis, on which Chenopodiaceae has the highest positive value and 
Rhododendron has the highest negative value, separates desert samples at the positive end and 
Rhododendron scrub samples at the positive beginning from samples  of other vegetation types. 
That trees such as Picea, Pinus, Abies, Betula, and Quercus have positive values less than 1 and 
herbs such as Artemisia, Gramineae, Compositae, and Cyperaceae have positive values more 
than 2 on the first axis seems to suggest that the forest samples are well separated from non-
forest samples. The second axis separates the steppe samples, especially sage steppes from 
meadow and shrub meadow samples. The scores of samples and pollen types on this axis indicate 
that Artemisia and Cyperaceae make the largest contribution to the composition of samples from 
steppes and meadows, respectively, while Gramineae and Compositae are important to samples 
taken from both steppes and meadows. Figures 4.5 and 4.6 also show a clear separation among 
samples from different forest types, especially between mixed forests and broadleaved forests. It  
seems that birch forests occur closer to mixed or conifer forests than oak forests as indicated by 
their modern geographic distribution.  
The results of DCA appear to support the classification using cluster analysis. The 
assessment on the contribution of pollen types in the composition of samples from different 
vegetation types is consistent with that revealed by the pollen diagram. However, the samples 
from scrublands and shrub meadow cannot be classified clearly by either cluster analysis or 
DCA. Except for group TS8, which is composed of some samples of rhododendron scrub, no 
other scrubland groups were identified by these two numerical techniques. Most of the scrubland 
samples were classified into forest groups. 
Discriminant analysis requires an a priori classification of samples into groups. Generally  
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the vegetation regions are used to classify surface samples into required a priori groups (Liu and 
Lam, 1985). In the Tibetan Plateau, especially the topographically complex southeastern part, it 
is difficult to classify surface samples based on the broad vegetation region since there are a 
variety of azonal or local vegetation types from forests to steppes, including even valley deserts 
in this forest region. Here we assigned modern pollen spectra to five major vegetation types as a 
priori groups by comparing surface pollen sample groups classified by cluster analysis and DCA 
with local vegetation types (Figure 4.4). These five surface pollen sample groups TS1, TS2-3, 
TS4-7, TS8, and TS9-14 are interpreted to correspond to five vegetation types, i.e. desert, steppe, 
meadow, scrubland, and forest, respectively. One sample from meadow was deleted from group 
TS1 because it contains anomalously high percentage of Chenopodiaceae pollen ─probably 
distorted by the incorporation of anther from a locally occurring plant. For the same reason, 
another nine samples were deleted from modern data set, including three samples with 
anomalously high percentages of Artemisia and Cyperaceae pollen from rhododendron scrub, 
rosaceous scrub, and steppe in group TS2, two samples with anomalously high percentages of 
Cyperaceae pollen from Sabina forest and rhododendron scrub in group TS5, two samples with 
anomalously high percentages of Artemisia and Compositae pollen from rosaceous scrub and 
shrub meadow in group TS6, and two samples with anomalously high percentages of  Artemisia 
pollen from pine-oak forest and rosaceous scrub in group TS10. In addition, five samples from 
valley desert and two samples from willow scrub in group TS13 were also excluded from the a 
priori group of forest. Finally, 210 pollen spectra assigned to five a priori groups (Table 4.2) 
were used in discriminant analysis. 
The result of discriminant analysis (Table 4.3) shows that four discriminant functions  
account for all the variance contained in the modern pollen dataset consisting of 210 samples. 
Table 4.2 Summary statisrics of modern pollen rain in different major vegetation types 
Major vegetation types
Pollen taxa Scrubland      Forest Meadow Steppe Desert
mean S.D. mean S.D. mean S.D. mean S.D. mean S.D.
Abies 0.1 0.3 5.3 5.4 0.1 0.4 0.1 0.2 0.0 0.0
Picea 0.1 0.2 9.7 14.6 0.4 1.2 0.0 0.1 0.0 0.0
Pinus 1.9 0.9 15.2 13.3 1.7 3.2 1.0 1.0 0.1 0.3
Tsuga 0.0 0.1 0.2 0.6 0.0 0.1 0.0 0.1 0.0 0.0
Quercus 3.2 2.4 16.9 17.4 2.3 3.7 0.5 1.1 0.0 0.1
Betula 4.0 2.3 10.6 12.1 2.0 4.2 0.3 0.4 0.0 0.0
Corylus 0.0 0.1 1.1 2.8 0.3 1.2 0.1 0.2 0.0 0.0
Salix 0.4 0.5 2.8 4.5 1.0 2.5 0.1 0.3 0.4 1.2
Rhododendron 64.4 13.2 3.1 6.4 0.9 2.8 0.0 0.0 0.3 1.2
Rosaceae 0.0 0.0 6.6 6.7 2.9 4.1 0.4 0.8 1.3 4.9
Gramineae 4.1 1.7 3.3 3.9 7.3 9.1 28.0 20.3 1.1 1.7
Compositae 3.6 2.0 1.9 2.1 4.2 4.9 4.4 5.0 0.8 1.8
Artemisia 3.5 3.8 7.8 7.5 8.3 10.3 25.6 33.0 5.9 9.1
Chenopodiaceae 0.1 0.2 1.0 2.7 3.8 5.5 13.3 11.8 81.3 15.8
Ranunculaceae 0.2 0.3 2.1 2.5 1.7 3.0 2.3 2.1 0.3 0.5
Thalictrum 0.2 0.3 1.3 2.3 2.3 4.0 0.9 1.9 0.9 2.4
Caryphyllaceae 0.6 0.7 0.6 1.3 1.5 3.6 1.1 1.5 0.4 1.6
Polygonum 8.3 14.2 1.7 3.0 1.4 3.5 0.6 1.1 0.1 0.3
Leguminosae 0.0 0.1 1.6 2.8 1.3 2.0 2.1 2.4 0.4 1.2
Cyperaceae 5.2 8.0 7.2 11.0 56.4 23.2 19.1 15.3 6.7 12.2
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 Table 4.3   Standardized Discriminant Function Coefficient 
Pollen Taxa Function 1 Function 2 Function 3 Function 4
Abies 0.19 -0.10 0.35 0.14
Picea 0.56 0.04 0.68 0.29
Pinus 0.34 -0.03 0.49 0.22
Tsuga 0.07 0.06 0.13 0.02
Quercus 0.60 0.13 0.74 0.21
Betula 0.25 -0.08 0.44 0.03
Corylus 0.13 0.02 0.19 0.11
Salix 0.17 -0.05 0.31 0.10
Rosaceae 0.36 0.99 0.00 0.13
Rhododendron 0.24 -0.14 0.57 0.08
Gramineae -0.21 0.01 0.03 1.04
Compositae -0.14 -0.05 -0.24 0.04
Artemisia -0.16 0.07 0.08 0.89
Chenopodiaceae -0.72 0.34 0.67 0.10
Ranunculaceae 0.14 -0.02 0.21 0.14
Thalictrum 0.05 0.08 -0.05 -0.05
Caryphylla 0.12 -0.01 0.10 -0.11
Polygonum 0.12 0.30 0.03 0.02
Leguminosae 0.09 0.07 0.00 0.02
Eigenvalue 10.74 6.40 5.61 1.19
Percentage of the variance 44.90 26.70 23.40 5.00
Cumulative percentage
of total variance 44.90 71.60 95.00 100.00
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The five group centroids on the first two discriminant functions (Figure 4.7) are clearly separated 
from each other. The samples of desert and scrubland are most distinct from those of the other 
major vegetation types. However, some overlapping occurs between steppe, meadow, and forest. 
Some samples are from the ecotonal areas between steppe and meadow or between meadow and 
forest, so this overlapping reflects the transitional character of the vegetation and their 
palynological signatures. This character is also indicated by the classification results of 
discriminant analysis (Table 4.4), and probability of modern analogue, an index of variability 
within a group (Fugure 4.8; Liu and Lam, 1985). A comparison of the predicted group 
memberships with the a priori groups shows that 93.3% of the samples are correctly classified. 
The misclassified samples generally have very low values (<0.2) of probability of modern 
analogue, indicating that they are far away from the group centroid, i.e. they are from the 
transitional areas or they are unique among members of their own groups (Liu and Lam, 1985). 
High probability of modern analogue (>0.5) for most surface samples suggests that these samples  
can be regarded as typical of their groups, i.e. major vegetation types. Typically, transitional and 
unique samples are also detected by the vegetation zonal index (Figure 4.8), an index converted 
from probabilities of group membership between the predicted and the second most probable 
groups (Liu and Lam, 1985).  
In summary, the major vegetation types are well defined by cluster analysis, DCA and 
discriminant analysis. Most of the modern pollen samples are typical for these major vegetation 
types. These numerical techniques are also useful in identifying the dominant pollen types 
representing each major vegetation type and in depicting the transitional or unique samples. Thus 
the discriminant function can be used to identify modern analogs for fossil pollen spectra. 
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   Table 4.4   Classification results of the surface samples by discriminant analysis 
Actual No. of Predicted group membership
group samples   Scrubland      forest    Meadow steppe   Desert
Scrubland 7 7 0 0 0 0
(100) 0 0 0 0
Forest 75 0 72a 3 0 0
0 (96)b (4) 0 0
Meadow 84 0 1 74 9 0
0 (1.2) (88.1) (10.7) 0
Steppe 29 0 0 1 28 0
0 0 (3.4) (96.6) 0
Desert 15 0 0 0 0 15
0 0 0 0 (100)
Total number of samples: 210
Number of misclassified samples: 14
Percentage of samples correctly classified: 93.3%
a Nunber of samples classified as that group
b Percentage of classified as that group
 
 
 
114
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0 10 20 30 40 50 60 70 80 90 10
0
11
0
12
0
13
0
14
0
15
0
16
0
17
0
18
0
19
0
20
0
21
0
Sample number
fun
cti
on
 1
0 
   
5 
 1
0 
 1
5 
 2
0
fun
cti
on
 2
0
 5
10
fun
cti
on
 3
0
 5
10
fun
cti
on
 4
0.
5 
  1
Sc
rub
lan
d
Fo
res
t Me
ad
ow St
ep
p D
es
ert
P
ro
ba
bi
lit
y 
of
m
od
er
n 
an
al
og
ue
V
eg
et
at
io
n 
in
de
x
Ma
jor
 ve
ge
tat
ion
 ty
pe
s
D
es
er
t
S
te
pp
e
M
ea
do
w
Fo
re
st
S
cr
ub
la
nd
Fu
nc
tio
n 
sc
or
es
Fi
gu
re
 4
.8
  R
es
ul
ts
 o
f d
is
cr
im
in
an
t a
na
ly
si
s f
or
 2
10
 su
rf
ac
e 
sa
m
pl
es
1 
   
  2
   
  3
   
  4
   
   
5
-1
0 
   
-5
   
  0
   
  5
   
  1
0
 
 
 
115
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
116
Canonical Correspondence Analysis and Transfer Functions 
 The dataset (set A) used for the CCA and the development of transfer functions consists 
of 227 surface pollen samples with 20 pollen taxa and four climatic parameters including MAP, 
MAT, Tjuly, and Tjan.. A subset (set B) of pollen and climatic data, consisting of 90 samples from 
typical non-forest vegetation types, i.e. desert, steppe, and meadow, was extracted from the 
database and processed by the same procedure. First the datasets A and B were analyzed several 
times using CCA for automatically detecting anomalous observations or extreme values through 
the CANOCO software (Jongman et al., 1987), and then possible causes for these extreme values 
were examined. These extreme values are generally caused by locally-occurring plants affecting 
pollen spectra as mentioned above. After deleting some large extreme values, the dataset A of 
200 samples and set B of 80 samples were finally obtained for CCA and transfer functions. 
   The results of CCA on Dataset A are shown in Tables 4.5-4.6 and Figure 4.9.  The first 
two axes explain about 18.7% and 7.2% of the total variation in the dataset, respectively.  
Cumulative percentage variance of species-environment relation expresses the amount of 
variations explained by our axes as a fraction of the total explainable variations, and thus the two 
axes taken together display 91.25% of variations that can be explained by variables. The first 
eigenvalue is fairly high, implying that the first axis represents a fairly strong gradient.  CCA axis 
1 accounts for 65.85% of the species-environment relation. The species - environment 
correlations tell us how much of the variation in the pollen data on one CCA axis is explained by 
the environmental variables. The large figure of 0.91 tells us that the climatic variables can 
account for most of the variation in pollen data on the CCA axis 1. In Figure 4.9, the lengths and 
positions of the arrows depend on the eigenvalues and on the intraset correlations (Table 4.6), 
and provide information about the relationship between the climatic variables and the derived 
Table 4.5  Canonical correspondance analysis: summary statistics of 
pollen variables and climatic variables, eigenvalues,  pollen variable
scores, biplot scores and inflaction factors of climatic variables
Standard Axis 1 Axis 2
Pollen variable Mean Deviation         variable scores
Abies 1.98 4.10 -1.06 0.06
Picea 3.46 9.77 -0.78 0.12
Pinus 6.86 11.98 -0.60 0.16
Tsuga 0.09 0.28 -1.12 -0.13
Quercus 6.46 12.16 -0.51 0.36
Betula 4.67 8.01 -0.58 0.17
Corylus 0.43 1.55 -0.52 0.21
Salix 1.96 5.98 -0.37 -0.04
Rosaceae 2.84 3.95 -0.15 -0.09
Rhododendron 3.41 11.88 -0.35 -0.36
Gramineae 8.70 12.96 0.36 -0.12
Compositae 4.02 6.65 0.24 -0.07
Artemisia 12.43 16.32 0.17 0.16
Chenopodiaceae 7.73 20.02 1.06 0.80
Ranunculaceae 1.94 2.74 0.05 -0.09
Thalictrum 1.71 3.18 0.16 -0.30
Caryphyllaceae 1.59 3.85 -0.04 -0.28
Polygonum 1.25 3.65 0.24 -0.21
Leguminosae 1.43 2.22 0.11 0.12
Cyperaceae 27.03 27.44 0.37 -0.40
Environmental variable Inflation Environmental variable
Factor     Biplot scores
Tjuly 10.51 2.25 7.33 -0.33 0.93
Tjan -9.69 4.19 26.11 -0.75 0.48
MAT 0.95 3.03 41.28 -0.63 0.66
MAP 517.54 167.90 2.09 -0.98 0.02
Eigenvalue 0.24 0.09
Percentage variance of species data 18.70 7.21
Cumulative percentage variance
      of species data 18.70 25.91
     of species-environmental relation 65.85 91.25
species-environmental correlations 0.91 0.74
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Table 4.6  Canonical correspondance analysis: canonical coefficients, 
                 interset correlations and intraset correlations
              Canonical            Interset              Intraset 
Environmental variable       coefficients          correlations              correlations
Axis 1    Axis 2 Axis 1 Axis 2 Axis 1 Axis 2
Tjuly 0.22 1.25 -0.30 0.70 -0.33 0.93
Tjan -0.43 -0.56 -0.69 0.36 -0.75 0.48
MAT 0.02 0.17 -0.58 0.49 -0.63 0.66
MAP -0.78 -0.10 -0.90 0.01 -0.98 0.02
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Figure 4.9   CCA of the surface samples: ordination diagram with climatic variables represented 
                   by arrows and pollen taxa by dark dots. 
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axes (Jongman et al., 1987). Arrows that are parallel to an axis indicate a correlation, and the 
length of the arrow tells us about the strength of that correlation, i.e. climatic variables with long 
arrows are more strongly correlated with the ordination axes than those with short arrows. Thus, 
MAP is most strongly related to axis 1 and least to axis 2, whereas Tjuly is inversely related to 
MAP. Tjan and MAT are not highly related to either axis 1 or axis 2. On the other hand, inflation 
factors also indicate that Tjan and MAT are not as important as MAP and Tjuly.  A large inflation 
factor implies that the variable is redundant with other variables in the dataset. It is not surprising 
since MAT is highly correlated to Tjuly and all temperatures have a similar trend in variation 
along gradients of altitude and latitude. Moreover, Tjuly represents the temperature of the growing 
season. It is evident that axis 1 and axis 2 represent the gradients of MAP and Tjuly, respectively, 
as indicated by the scores of pollen variables on these two axes. Pollen types of forest are located 
on the one end and these of desert on the other end of axis 1, whereas pollen types from meadow 
and steppe lie in the middle. On axis 2, pollen types from desert with high Tjuly have high scores 
whereas those from meadow with relatively low Tjuly have low scores. Thus, we can conclude 
from the above that there are two dominant factors controlling variations of pollen data in the 
Tibetan Plateau: MAP and Tjuly. The inflation factors (11.43, 24.3, 45.0 and 2.61 for Tjuly, Tjan, 
MAT and MAP, respectively) from CCA on the dataset B also indicate that Tjan and MAT are 
redundant with Tjuly and MAP, although Tjan seems to become more important in the dataset B 
consisting of non-forest samples than in the dataset A. So the same conclusion is also obtained 
from the results of CCA on the dataset B. 
 As shown by the results of CCA, the gradients of MAP and Tjuly are strongly related to 
the variations of pollen from different vegetation types. The strong relationships between MAP, 
Tjuly and the selected pollen types are also evident on the scatter diagrams (Figures 4.10-13).  The 
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scatter diagrams reveal pronounced linearities for some pollen types and non-linearities for others 
in the relationships. The linear relationships significant at 0.05 levels generally exist between 
MAP and arboreal pollen types as well as some non-arboreal pollen types such as 
Chenopodiaceae and Gramineae. Strong positive correlations are found between Tjuly, and tree 
pollen types such as Pinus, Quercus, Betula, and weak positive relationships between Tjuly, 
Chenopodiaceae and Artemisia. Markedly negative correlations occur between Tjuly and 
Cyperaceae. 
  The forward stepwise method was used in the inverse linear regression analysis. The 
performance of the inverse linear regression for dataset A is reported in the Table 4.7 and Figure 
4.14. The MAP equation, which accounts for 90 percent of the total variance and has a standard 
error of 55 mm, includes 14 terms. An F test shows that the equation is significant at 0.0000 evel. 
Most of the correlation coefficients are significant at 0.000 level as indicated by t test. The 
positive coefficients for arboreal pollen types and negative coefficients for most of the non-  
arboreal pollen types reflect the relationships shown in the scatter diagrams (Figures 4.10-11). 
The Tjuly equation, significant at 0.0000 level, accounts for 72 percent of the total variance and 
has a standard error of 1.3ºC. This equation has 12 terms with negative coefficients for 
Cyperaceae, Caryophyllaceae, and Thalictrum and positive coefficients for arboreal pollen types 
and two desert/steppe components, Chenopodiaceae and Artemisia. Plots of the predicted MAP 
and Tjuly versus observed MAP and Tjuly, and of the residuals (predicted minus observed values) 
versus observed MAP and Tjuly show that there are no strong biases in the MAP and Tjuly models, 
except for the tendency to underestimate Tjuly at sites with Tjuly lower than 8ºC and overeastimate 
it at most sites with Tjuly higher than 11ºC.   The regression equations derived from dataset B are 
significant at 0.0000 levels, and their residual plots (Figure 4.14) show similar patterns to those 
        Table 4.7  Regression summary of data set A for MAP and Tjuly
MAP
n (number of observation): 200
m (number of predictors): 14
R=0.95 R2=0.90 Adjusted R2=0.897
F(14,185)=124.52   p<0.0000 Std.Error of estimate: 54.991
B St. Err.of B t(185) p-level
Intercpt 426.65 9.67 44.12 0.000
Abies 10.54 1.23 8.60 0.000
Chenopodiaceae -3.09 0.22 -14.09 0.000
Pinus 4.47 0.40 11.09 0.000
Gramineae -1.91 0.35 -5.41 0.000
Picea 3.43 0.44 7.86 0.000
Betula 3.35 0.59 5.73 0.000
Tsuga 70.06 16.65 4.21 0.000
Quercus 1.42 0.36 3.93 0.000
Corylus 5.94 2.87 2.07 0.040
Salix 1.39 0.67 2.07 0.040
Rhododendron 2.10 1.05 1.99 0.048
Rosaceae 0.47 0.34 1.37 0.171
Leguminosae 2.91 1.94 1.50 0.137
Ranunculaceae -1.75 1.52 -1.15 0.252
Tjuly
n (number of observation): 200
m (number of predictors): 12
R=0.85 R2=0.72 Adjusted R2=0.70
F(12,187)=40.05   p<0.0000 Std.Error of estimate: 1.28
B St. Err.of B t(187) p-level
Intercpt 8.27 0.38 21.58 0
Cyperaceae -0.01 0.01 -1.67 0.096
Quercus 0.09 0.01 9.78 0.000
Chenopodiaceae 0.06 0.01 9.48 0.000
Pinus 0.06 0.01 6.82 0.000
Artemisia 0.05 0.01 6.78 0.000
Leguminosae 0.14 0.04 3.24 0.001
Betula 0.04 0.01 2.68 0.008
Picea 0.02 0.01 2.09 0.038
Caryophyllaceae -0.04 0.03 -1.61 0.109
Thalictrum -0.05 0.03 -1.67 0.096
Corylus 0.10 0.07 1.57 0.117
Salix 0.02 0.02 1.32 0.190
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Figure 4.14   Scatter plot of predicted values versus observed values and 
residuals versus observed values for inverse linear regression models.
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of dataset A. However, their standard errors are 39 mm and 0.9ºC for MAP and Tjuly respectively 
(Table 4.8), smaller than those from dataset A.   
 The performance of weighted-average partial least squares (WA-PLS) regression models 
are shown in Table 4.9, where the root mean square error of prediction (RMSEP), the coefficient 
of determination (r2) between observed and predicted values, and the maximum bias are based on 
the jack-knifing (Birks, 1995). According to Birks (1998), the models with low RMSEP, low 
maximum bias and the smallest number of ‘useful’ components are ideal candidates, 3- and 2-
component WA-PLS models were thus selected respectively for MAP and Tjuly in dataset A, 
whereas 2- and 3-component WA-PLS models were selected for MAP and Tjuly in dataset B. 
There is no strong bias in the MAP models for both datasets A and B and in the Tjuly model for 
dataset B (Figure 4.15). However, the Tjuly model for dataset A tends to overestimate at sites with 
low temperature, probably because of the uphill transportation of pollen from forests to alpine 
meadow area above the treeline, and underestimate at some site with high temperature,  
presumably due to the fact that some forest samples contain relatively high percentages of 
herbaceous pollen such as Cyperaceae pollen as shown in figure 4.2. 
A Case Study 
 The fossil pollen diagram selected in this case study was derived from the Yidun Glacial 
Lake, which is the outer one of two small proglacial lakes situated below an alpine glacier in 
westernmost Sichuan (Figure 4.16). The Lake is situated in the subalpine conifer forest region of 
the southeastern Tibetan Plateau (Figure 4.1). At 4470 m above sea level, the lake is surrounded 
by alpine shrub meadow dominated by Cyperaceae and Rhododendron with some Salix. Treeline 
, formed by Picea, occurs at ca. 4400 m, just 2 km south of the lake. Dense forests consisting of 
spruce, fir, pine, birth, oak, and juniper occur at lower elevations down the valley. 
        Table 4.8  Regression summary of data set B for MAP and Tjuly
MAP
n (number of observation): 80
m (number of predictors): 8
R=0.94 R2=0.88 Adjusted R2=0.86
F(8,71)=62.44   p<0.0000 Std.Error of estimate= 39 mm
B St. Err.of B t(185) p-level
Intercpt 700.82 37.13 18.88 0.000
Chenopodiaceae -6.01 0.40 -14.98 0.000
Gramineae -4.43 0.47 -9.40 0.000
Artemisia -3.85 0.49 -7.83 0.000
Cyperaceae -2.65 0.43 -6.23 0.000
Compositae -3.47 0.89 -3.91 0.000
Caryophyllaceae -2.55 0.89 -2.86 0.006
Leguminosae -3.40 2.23 -1.53 0.131
Thalictrum -1.73 1.41 -1.22 0.225
Tjuly
n (number of observation): 80
m (number of predictors): 10
R=0.90 R2=0.81 Adjusted R2=0.79
F(10, 69)=30.076   p<0.0000 Std.Error of estimate: 0.9
B St. Err.of B t(187) p-level
Intercpt 12.39 1.17 10.54 0.000
Cyperaceae -0.06 0.01 -4.73 0.000
Chenopodiaceae 0.01 0.01 0.68 0.500
Leguminosae 0.24 0.06 4.34 0.000
Artemisia -0.01 0.01 -0.57 0.568
Caryophyllaceae -0.07 0.02 -3.08 0.003
Gramineae -0.04 0.01 -2.95 0.004
Polygonuma -0.17 0.07 -2.56 0.013
Ranunculaceae 0.05 0.04 1.10 0.274
Thalictrum -0.05 0.04 -1.51 0.137
Compositae -0.03 0.02 -1.38 0.173
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Table 4.9  Performance statistics for weighted-averaging partial least
squares (WA-PLS) regression models. Root mean square error of prediction
(RMSEP), coefficient of dermination (r2), and maximum bias are given based on
leave-one-out cross-validation for six component WA-PLS models.
WA-PLS RMSEP r2 Maximum
component bias
Data Set A: 200 samples x 20 taxa
MAP
1 71.307 0.826 142.31
2 63.220 0.863 100.99
  3* 61.225 0.872 81.47
4 60.706 0.874 78.14
5 60.058 0.877 65.85
6 59.857 0.877 73.61
Tjuly
1 1.407 0.638 2.505
2 1.369 0.658 2.186
  3* 1.359 0.663 2.237
4 1.357 0.665 2.271
5 1.354 0.666 2.269
6 1.364 0.662 2.173
Data Set B: 80 samples x 20 taxa
MAP
1 51.913 0.750 138.80
  2* 41.048 0.844 81.25
3 41.344 0.842 94.08
4 43.285 0.828 108.36
5 48.247 0.795 103.66
6 49.592 0.787 106.69
Tjuly
1 1.241 0.588 2.557
2 1.111 0.670 1.850
  3* 1.056 0.703 1.859
4 1.007 0.730 1.895
5 1.008 0.731 1.793
6 1.029 0.723 1.729
* =selected models
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Figure 4.16  Photograph of the two proglacial lakes in Yidun. The Yidun Glacial
Lake cored is the outer one formed between two moraines (Photo by Kam-biu Liu). 
The red triangle indicates the coring location.
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A 4.5 m core was raised from a site above 2.1 m of water. The sediments are composed of 
2.8 m of clayey gyttja (organic matter content 10-20%) overlying clay. Three AMS (accelerator 
mass spectrometry) radiocarbon dates have been obtained from the organic sediments (Figure 
4.17). A date of 2070±60 14C yr BP obtained from bulk sediment at the core top (0-1 cm) 
indicates that the dates must be corrected for the hard-water effect. This observation is confirmed 
by another AMS date of 2040±50 14C yr BP obtained from a modern sample of aquatic sedge 
taken from the lake edge. Another two dates are 5710±70 and 11330±140 14C yr BP (all dates 
mentioned in this chapter are 14C ages) at a depth of 142 cm and 275 cm, respectively. The age of 
the core is thus estimated by extrapolation and interpolation of corrected dates. The dating 
problem introduces some degree of  uncertainty in the age model. 
 Results of discriminant analysis on the fossil pollen spectra from Yidun Glacial Lake 
(Figure 4.17) show that most of the fossil pollen samples have high probabilities of modern  
analogue (> 0.5) except for some samples near the boundaries of pollen zones. The boundaries of 
pollen zones reflect the transitional phases of vegetation succession from one type to another, 
thus the low probabilities of modern analogue associated with these samples reflect their  
transitional feature in vegetation succession. The lowest value of probability (close to zero) 
occurs at the basal sample, indicating no modern analogue for this sample. The basal sample has 
relatively high arboreal pollen percentage but very low total pollen concentration value, 
suggesting that the arboreal pollen grains were probably derived from long-distance transport.  
 The MAP and Tjuly reconstructed from transfer functions developed by inverse linear 
regression and weighted-average partial least squares regression models show parallel and 
consistent trends between these two techniques (Figure 4.18). Figure 4.18 also show the 95% 
confidence interval of estimates, which seem to be narrower for those samples at the upper part 
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of the record, probably suggesting that the vegetation and climate became more modern in 
character. The modern values of MAP and Tjuly are located within the 95% confidence intervals 
of their estimates for the top sample of the core.  Due to the long-distance transport of arboreal 
pollen, as indicated by low total pollen concentrations and anomalous composition of fossil 
pollen spectra, the MAP and Tjuly for two basal samples of Zone YGL6 and the basal sample of 
Zone YGL5 are probably overestimated. The longer-term trends in the vegetation history and 
climate variations reconstructed quantitatively by discriminant functions (Figure 4.17) and 
pollen/climate transfer functions (Figure 4.18) divide the Yidun Glacial Lake record over the last 
17 300 years into the following intervals.  
 Late Glacial (17.3-11.5 ka; pollen zones YGL 5 and 6). At the initializing period of the 
lake, the vegetation was dominated by steppe. The reconstructed MAP and Tjuly imply a cold and 
dry climate. The MAP was about 60% of the modern value of 620 mm, and Tjuly was 4ºC colder  
than the present. This period was followed by a short colder and wet period at 16.7 – 16.3 ka BP, 
when vegetation changed from steppe to meadow, Tjuly was 1ºC colder than that in the 
proceeding period and MAP increased about 50 mm. From 16.3 to 13.5 ka BP, the Yidun area 
was occupied by subalpine meadow consisting of Cyperaceae, Artemisia, Gramineae, and 
Caryophyllaceae. However, forests probably began to appear after 14.5 ka BP at lower elevations 
down the valleys. MAP increased gradually to about 500 mm at ca. 13.8 ka, and then decreased 
gradually. The reconstructed Tjuly rose steadily and gradually to >9.5 ºC from 16.3 to 12.6 ka BP, 
which is followed by a minor reversal around 12 ka BP.  
Late Glacial – Early Holocene (11.5 – 9.2 ka; pollen zone YGL4). This interval 
includes the transition from meadow to forest. The transition begins with an increase in arboreal 
pollen. Forests invaded the Yidun area and finally replaced the meadow at 10 ka BP. The lower  
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values of probability of modern analogue for samples in this interval also indicate the transitional 
character of the vegetation. Both MAP and Tjuly show a trend of nonlinear increase during this 
interval. They reached the level close to today’s at the end of this interval.  
Early Holocene – Middle Holocene (9.2 – 6.8 ka BP; pollen zone YGL3). Pollen 
assemblage of this interval is dominated by Betula and Pinus pollen. Abies, Picea, and Quercus 
are trees frequently present. Pollen concentration also reached the highest values of the whole 
sequence. As inferred by discriminant functions, forest, probably a coniferous and deciduous 
broadleaved mixed forest, occurred in this area during this interval. The climate reconstructions 
suggest that the Holocene MAP maxima were achieved from 9.0 to 7.5 ka BP. The maximum 
MAP is about 100 – 120 mm higher than the present. However, the Tjuly still shows an increasing 
trend and fluctuates around the modern value.     
Middle – Late Holocene (6.8 – 2.5 ka BP; pollen zone YGL2). Pollen assemblages are 
characterized by high percentages of Pinus, continuous rise of Quercus percentages and gradual 
drop of Betula percentages. Birch, the dominant of forest in the proceeding period, was replaced 
by pine, and more oak invaded the forest. MAP fluctuated around 700 mm, slightly lower than 
the proceeding interval but still higher than the present except for a major fluctuation at the 
beginning of the interval. Reconstructed Tjuly was higher than that of today, and the Holocene 
Tjuly maxima also occur in this interval, which were 1-1.2ºC higher than the present.  
Late Holocene (2.5 ka BP to present; pollen zone YGL1). In this interval, Pinus pollen 
decrease, and Quercus pollen replace Pinus to become the most abundant pollen, indicating an 
expansion of oak in the forest surrounding the lake. Tjuly steadily fell toward its modern value. 
MAP decreased dramatically to below the present value at first, then increased sharply from 1.6 
to 1.3 ka BP. It decreased again and increased again to the present level.  
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DISCUSSION AND CONCLUSIONS 
Representative of Surface Pollen Samples 
The source areas for modern pollen samples collected from lakes, moss polsters, and soils 
are known to differ, with lakes collecting pollen from a greater area than moss polsters or soils 
(Minckley and Whitlock, 2000). Since modern pollen samples are used to interpret the fossil 
pollen records, most of which are from lake sediments, pollen from the mud-water interface of 
lakes is more desirable than pollen from moss polsters and soils (Jacobson and Brashaw, 1981). 
However, access to lakes is very limited due to the hard physical conditions of the Plateau, and 
moss plosters are rare in the drier and colder part of the Plateau, thus sampling from  top soils 
and thin mosses was often the only option available. Fortunately, our study reveals that the 
modern vegetation types are well represented by our suite of surface samples collected from 
lakes, moss plosters and top soils. Comparison of pollen samples derived from lake sediments 
and those collected from moss polsters or top soils shows that they have broadly similar pollen 
composition, particularly in their percentages of non-arboreal pollen types . Such similarity is not 
surprising, since landscapes covered by meadows, steppes and deserts are relatively flat and open 
in the Tibetan Plateau. On the other hand, when we developed discriminant functions identifying 
the modern analogues of fossil pollen samples, we grouped the samples into five a priori major 
vegetation types based on the numerical analysis of pollen percentage data, i.e. samples from 
different local forest communities were classified into the forest group, so these groups include 
both the local and regional pollen signatures. Moreover, the discriminant functions measure the 
distance between the predicted samples and the centroids of the groups to classify the predicted 
samples, implying a comparison of regional pollen signatures between fossil samples from lakes 
and surface pollen samples. Therefore, the models developed using the network of modern 
surface samples in the Tibetan Plateau can be used to reconstruct vegetation quantitatively.  
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Transfer Functions 
 It is almost a general law of nature that the relationships between taxa and quantitative 
environmental variables are non-linear and the abundance of taxa is often a unimodal function of 
the environmental variables (Gaussian model) (Birks, 1995). However, a unimodal curve will 
appear monotonic and approximately linear, if a limited range of the environmental variables is 
covered by samples. Inverse linear regression model requires an assumption that the linear 
relationship exists between climatic variable and pollen type (Howe and Webb III, 1983; Bartlein 
and Webb III, 1985; Birks, 1995). To avoid violating this assumption, selection of an adequate 
geographical region is important in reducing model specification errors (Bartlein and Webb III, 
1985). However, to define an adequate geographical region in the Tibetan Plateau as in North 
America or Europe is difficult due its landscape complexity, especially in the southern Plateau. In 
our study, the scatter diagrams (Figures 4.9-12) show that significant linear relationships exist 
between MAP, Tjuly, and most of the pollen types. Thus, the assumption of linearity is satisfied in 
our data. For further testing, we also separated a subset of data consisting of samples from 
meadow, steppe, and desert. Comparison of regression results for dataset A and B shows that 
there is no marked difference between them. However, it is also evident that dataset B has 
smaller standard errors of estimates for both MAP and Tjuly, and higher r2 value than dataset A. 
Therefore, the transfer functions developed by dataset B could reduce the estimate errors in 
climatic reconstruction for fossil pollen samples identified from non-forest vegetation types by 
discriminant functions.  
 WA-PLS model is a non-linear unimodal (Gaussian)-based technique. Thus it is not 
limited by any geographic region, even though dataset B was also used to develop transfer 
functions through WA-PLS models in this study. Comparison of results from linear models and 
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non-linear models seem to show that WA-PLS models have larger estimate errors than linear 
models. One explanation for this discrepancy is that linear models almost certainly underestimate 
the true uncertainty (Bartlein and Whitlock, 1993; Birks, 1995). In our case study, the climates 
reconstructed by transfer functions show an excellent consistence in estimate values between two 
different techniques, although the standard errors are larger in WA-PLS models than linear 
models due to the reason mentioned above. Therefore, the transfer functions developed by these 
two techniques are reliable in reconstructing the paleoclimate quantitatively based on the fossil 
pollen data.  
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CHAPTER 5 
A HIGH RESOLUTION POLLEN RECORD FROM AN ALPINE LAKE AT THE 
FOREST/MEADOW ECOTONE IN SOUTHERN TIBETAN PLATEAU                                        
 
INTRODUCTION 
As pointed out in Chapter 2, well-dated and high-resolution pollen records, 
especially those from ecotonal areas sensitive to environmental changes (Payette et al, 
1989; Kullman, 1990; Allen and Breshears, 1998; Reasoner and Jodry, 2000), are vital 
for confirming the occurrence of regional monsoon events, and reveal the pattern and 
mechanisms for these events. None of the published data provides well-dated, continuous 
and high-resolution pollen records that covering the last glacial/interglacial transition and 
Holocene or even the Holocene only in the southern Tibetan Plateau (see Chapter 2). 
Although several pollen records are available in the southern Tibetan Plateau (e.g. Huang 
and Liang, 1983; Huang, 2000), these pollen records are either discontinuous or have 
coarse sampling resolution. 
This chapter presents a pollen record from an alpine lake on the forest and 
meadow ecotone in the southern Tibetan Plateau. This is the only one with well-dated age 
control, continuous lake sediments, and high-resolution sampling in the southern Tibetan 
Plateau to date. The vegetation and climate history is reconstructed quantitatively using 
the discriminant functions and pollen/climate transfer functions developed in Chapter 4. 
The reconstructed vegetational and climatic changes reveal the shifts of the ecotone, 
reflecting millennial- to centennial-scale monsoon variability over the last 14,000 years.  
LOCATION AND SETTING 
 Co Qongjiamong (29º48.77’N, 92º22.37’E, 4980 m) is located in the southern 
part of the Tibetan Plateau (Figure 5.1). Geomorphologically, it is situated in the upper  
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Figure 5.1  Map of the Tibetan Plateau showing the vegetation, location of Co Qongjiamong
                  and surface samples
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reaches of the Niyang River, part of the watershed of the Yaluzangbu River (Figure 5.2). 
Phytogeographically, Co Qongjiamong is situated on the ecotone between forest and 
meadow (Figure 5.2). The vegetation around the lake is alpine meadows, but some small 
shrubs of Salix, Rhododendron, and Potentilla occur in more sheltered sites and 
Artemisia in drier and more exposed areas (Figure 5.3). Trees are absent in the vicinity of 
Co Qongjiamong, but forests occur at lower elevations to the east (Figure 5.2). Birch 
forest dominated by Betula platyphylla can be found at ca. 4100 m in the upper reaches 
of Niyang River. Oak and pine forests consisting of Quercus aquifolioides and Pinus 
densata grow on the south-facing slopes below the birch forest zone, whereas spruce/fir 
forests composed by Picea likiangensis var. linzhiensis, Abies georgei var. smithii, and A. 
forrestii occur on the north-facing slopes. Rhododendenron scrub, alpine Kobresia 
meadow, periglaical vegetation and glaciers occupy a vast area above the birch forest 
zone. The snow line can be found at ca. 5200 m in this region (Tibetan Investigation 
Group, 1988) 
 In the drainage basin of the Niyang River, the spatial distribution of vegetation 
not only follows the elevation gradient, i.e. temperature gradient, but also the 
precipitation gradient controlled by the SW monsoon. A steep precipitation gradient 
exists along an east-west transect from Nyingchi to Lhasa. The mean annual precipitation 
is 659 mm in Nyingchi in the east, 477 mm in Gongbujiangda, and 444 mm in Lhasa in 
the west (Dai, 1990). This precipitation gradient is a function of the seasonal onset and 
termination of the summer monsoon (SW monsoon) rainfall (Figure 5.4). Nyingchi 
experiences an earlier and longer monsoon season from April to October, and thus gets 
more precipitation than Lhasa where 95.5% of annual precipitation is concentrated in the 
months of May - September.    
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MATERIALS AND METHODS 
 Results presented in this chapter are based on a 720-cm piston core taken from the 
center of Co Qongjiamong under 3 m of water in the  summer of 1995 (Figure 5.3).  
Subsamples of 0.9 cc were extracted at 5-cm intervals. Samples were processed using 
standard methods involving HCl, KOH, HF, and acetolysis treatment (Faegri and Iversen, 
1975). Tablets containing a known quantity of Lycopodium spores were added as exotic 
markers into the samples to determine pollen concentrations and pollen influx values 
(Stockmarr, 1971). Pollen samples were mounted in silicone oil and counted at 
magnifications of 400 X and 1000 X. More than 800 pollen grains, excluding spores and 
algae cysts, were counted at each level. Pollen percentages were calculated based on a 
sum of all terrestrial pollen. Grimm’s (1987) CONISS was used to delineate pollen zones. 
The discriminant functions and pollen/climate transfer functions, which were developed 
by discriminant analysis (Liu and Lam, 1985), inverse linear regression (Webb and Clark, 
1977) and weighted-average partial least squares regression models (ter Braak and 
Juggins, 1993) based on 234 surface samples presented in Chapter 4, were applied to 
reconstruct vegetation and climate quantitatively.  
Thirty-two modern surface samples presented in this chapter were collected from 
the east-west transect from Nyingchi to Lhasa in  the summer of 1995. These surface  
samples were processed using the standard methods mentioned above. More than 300 
pollen grains were counted. 
STRATIGRAPHY AND CHRONOLOGY 
Several lithological units are recognized in the Co Qongjiamong (Figure 5.5). 
Between 720 cm and 470 cm is sandy clay, where organic matter values are as low as  
0 2000 4000 6000 8000 10000 12000 14000
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Figure 5.5 Lithology and depth-age model for Co Qongjiamong
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10% of dry. Organic lake mud occurs from 470 to 120 cm. Organic matter content in this 
section increases gradually to a maximum value of ca. 38% at 300 cm, and then decreases 
gradually to 25%. Sediments change at 120 cm from organic mud to clay. The organic 
matter content of this uppermost section varies between 15% and 25%.  
 A series of radiocarbon dates (Table 5.1) from the core provides a chronological 
control for the core. In order to determine the carbon reservoir effect in the lake, three 
paired samples of terrestrial and aquatic macrofossils were dated. In two of these pairs at 
depths of 370.5-380.5 and 385.5-400.5 cm, the radiocarbon ages determined from the 
aquatic macrofossil samples are older than those of the terrestrial macrofossil samples by 
1600-1950 years, suggesting the existence of the reservoir effect in Co Qongjiamong as 
in other lakes in the Tibetan Plateau (Fontes, et al., 1993, 1996; Morrill, 2002), although 
the reverse is true for the third pair of samples at depths of 576.5-586.5 cm. To avoid 
errors associated with the reservoir effect, we excluded those dates determined from the 
aquatic macrofossils. Dates at depths of 510-720 cm show a near constant age, which 
probably are attributed to the so-called 14C “plateau” in the last glacial-interglacial 
transition (Lowe and Walker, 2000). In addition, several anomalously young or old dates 
were also rejected in the age-depth model. Based on the 11 14C dates determined from 
terrestrial macrofossils, an age-depth model was developed using calibrated radiocarbon 
dates (Figure 5.5). The conventional radiocarbon dates were converted to calibrated ages 
BP by using CALIB 4.3 (Stuiver et al., 1998). The final chronology of the core was 
estimated by linear interpolation between two adjacent dates. The sampling resolution 
obtained from this chronology varies from 30 to 300 years with an average of 90 years.   
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MODERN POLLEN RAIN  
 Westward along an east-west transect from Nyingchi to Lasha, vegetation 
changes from forests to meadows and then to steppes (Figure 5.2) following a steep 
gradient of the precipitation (Figure 5.6). As expected, pollen assemblages reflect 
changes in vegetation types along this transect. Tree pollen dominates the pollen spectra 
near Nyingchi, where spruce/fir forests and pine/oak forests grow. These pollen spectra 
are characterized by relatively high percentages of Quercus, Pinus, Betula, Abies and 
Picea. Between Nyingchi and Gongbujiangda, the south-facing slopes from which we 
sampled support oak/pine forests. Pollen spectra from this region are dominated by 
Quercus (30-64%), together with some Pinus and Betula pollen. From Gongbujiangda to 
our coring lake, Co Qongjiamong, the frequency of pine tree decreases in oak/pine 
forests, and birth forests appear as the elevation approaches the tree-line. Pollen spectra at 
elevation below 4200 m are characterized by high percentages of Betula and Quercus, 
whereas those at elevation above 4200 m show a marked decrease in tree pollen, and an 
increase in Cyperaceae and Artemisia pollen.  From Co Qongjiamong to Lhasa, pollen 
spectra are generally dominated by Artemisia, a major component of steppes, except for  
one sample at 4700 m elevation with the highest pollen percentage of Cyperaceae among 
pollen spectra of this transect. As shown in Figure 5.6, the transition between forest and 
non-forest is clearly indicated by a drop in the amounts of tree pollen, especially Betula, 
and a rise in the amounts of herb pollen, especially Cyperaceae and Artemisia. Therefore,  
the modern pollen rains along this transect clearly reflects the vegetation types controlled 
by summer monsoon rainfall, implying that the fossil pollen record from the Co 
Qongjiamong would be an excellent proxy for monsoon variations.     
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Figure 5.6 Pollen percentage diagram of surface samples collected  
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THE POLLEN RECORD 
 The pollen record from Co Qongjiamong is divided into nine local pollen zones 
based on the results of CONISS. Pollen zone CQ1 is further divided into three subzones 
(Figures 5.7-5.9).  
Zone CQ9 (720-685 cm; 14 100 to 13 600 cal. yr BP). This basal pollen zone is 
characterized by the highest percentages of Artemisia (37-43%) and the lowest 
percentages of Cyperaceae. This zone also has moderately high percentages of 
Gramineae (9.5-11.5%). Thalictrum and Rannunculaceae are relatively common. 
Chenopodiaceae pollen are present at 1-2.5%,  the highest percentages in the whole 
sequence. Arboreal pollen types are present but rare. Relatively common arboreal pollen 
types include tree pollen such as Pinus and Quercus, and shrub pollen such as Hippophae 
and Rosaceae. Relatively high percentages of Pediastrum are found in this zone. Pollen 
influx (Figures 5.8-5.9) shows the same pattern as pollen percentages although pollen 
influx values of Artemisia are only at its second highest.      
Zone CQ8 (685-615 cm; 13 600 to 12 700 cal. yr BP). Pollen percentages of 
Artemisia gradually decrease to as low as 19%, whereas percentages of Cyperaceae 
increase to 48%. Other herbaceous pollen percentages remain low although the 
frequencies of Thalictrum and Polygonum rise slightly. Percentages and influx values of  
arboreal pollen are still low, and even lower than those in zone CQ9. Pediastrum 
decreases in both percentages and influx values.    
 Zone CQ7 (615-470 cm; 12 700 to 10 800 cal. yr BP). This zone is marked by 
the highest amounts of Cyperaceae, reaching 66% and up to 1560 grains/cm2/yr. 
Artemisia pollen continues to decline to less than 14%, but increases slightly at  
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11 500 cal. yr BP. Other herbaceous pollen is still present in small amounts, and arboreal 
pollen types remain at a background level of less than 2%. The percentages and influx 
values of Pediastrum are at their minima in the whole sequence.  
Zone CQ6 (470-405 cm; 10 800 to 9000 cal. yr BP). This zone is characterized 
by a dramatic increase in Betula pollen. Betula pollen in this zone increases in three-step 
increase. It first increases across the zone boundary from <2% to 6% then to more than 
13%, and finally to as high as 21%. Pollen influx values of Betula also show a similar 
three-step increase. In addition, Pinus increases in the upper part of the zone, and exceeds 
the background level at 9500 cal. yr BP (425 cm). Other tree pollen increases slightly, but 
their frequencies are still at a background level. More shrub pollen such as Hippophae are 
found at this zone. Rhododendron appears in a small amount continuously, rather than 
occasionally as in previous zones. Both frequencies and influx values of Cyperaceae 
pollen decline dramatically. Its percentages decrease from the peak of zone CQ7 to < 
40%, while its pollen influx values decrease from 1560 grains/cm2/yr to < 700 
grains/cm2/yr. Pollen percentages of Artemisia decrease slightly, and fluctuate between 
10% and 13%.  Pediastrum increases abruptly and dramatically in this zone.   
Zone CQ5 (405-365 cm; 9000 to 8050 cal. yr BP). Pinus pollen is more 
consistently and abundantly represented throughout this zone. Its percentages vary 
between 5% and 8%. The frequencies of Betula pollen decline slightly but remain 
relatively high (ca. 15% on an average), but the pollen influx values of Betula show a 
drop first and then an abrupt rise (Figure 5.8). Cyperaceae continues to decrease, while 
other herbs remain at the same level as in the previous zone. A dramatic decline in the 
percentages and influx values of Pediastrum occurs in this zone. 
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Zone CQ4 (365-286 cm; 8050 to 6600 cal. yr BP). Both percentages and influx 
values of Pinus pollen reach their maxima. Pollen influx values of Betula also reach its 
maximum, but Betula pollen percentages oscillate around 12-22%.  Cyperaceae pollen 
declines further to 24-36%, and Gramineae percentages seem to reach its lowest level. 
Very few changes are found in the frequencies of other pollen types. However, the 
amount of Pediastrum increases in this zone.      
Zone CQ3 (286-222 cm; 6600 to 4700 cal. yr BP). This zone is marked by an 
abrupt drop in Pinus pollen percentages and influx values to 4% and 60 grains/cm2/yr, 
respectively. Betula pollen percentages and influx values remain relatively high. 
Artemisia pollen percentages increase slightly and Pediastrum increases further in this 
zone.    
Zone CQ2 (222-138 cm; 4700 to 2200 cal. yr BP). This zone is characterized by 
a decrease in Betula pollen percentages and influx values, and by an increase in Pinus 
and Artemisia pollen percentages and influx values. Gramineae pollen also increases 
slightly, but the percentages of Cyperaceae remain at the same level as that in zones CQ3 
and CQ4. The percentages and influx values of Pediastrum still show a increase trend in 
this zone. 
Zone CQ1 (138-0 cm; 2200 cal. yr BP to present). This zone is dominated by 
Cyperaceae and Artemisia pollen, which account for 34% and 29% of total pollen sum, 
respectively. Percentages of other herbaceous pollen types such as Compositae, 
Ranunculaceae, Polygonum, Labitae increase slightly. A significant drop in tree pollen 
occurs in this zone. Betula pollen percentages decrease to < 2%. The oscillations of Pinus 
pollen separates this zone into three subzones. Except for a small peak in Pinus pollen in 
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subzone CQ1b (1900 –1500 cal. yr BP), Pinus pollen percentages decrease to a 
background level of < 3%. in the other two subzones. High percentages and influx values 
of Pediastrum occur in this zone except for the upper part.   
RECONSTRUCTION OF VEGETATION AND CLIMATE 
 The pollen diagram and quantitative reconstruction of vegetation and climate 
(Figures 5.10-11) for Co Qongjiamong suggest several major changes in the vegetation 
and climate during the last 14 100 years.    
  14 100 – 13 600 cal. yr BP (zone CQ9). High percentages of Artemisia indicate 
that the Co Qongjiamong region was occupied by a steppe, as suggested by the results of 
discriminant analysis (Figure 5.10). The low probabilities (less than 0.5) of modern  
analogue show that these fossil samples do not have good modern analogues. Comparing 
pollen spectra from steppe at the surface sample transect with fossil pollen spectra of this  
zone, it seems clear that fossil samples have more Cyperaceae pollen. Cyperaceae is a 
dominant of both alpine meadow and lake edge habitats.  Thus, it is possible that locally 
originated Cyperaceae pollen causes the over-representative of Cyperaceae in the lake 
fossil pollen spectra. During this interval, mean annual precipitation (MAP) was close to  
the level of Lhasa but lower than that in Co Qongjiamong today, whereas mean July 
temperature (Tjuly) was higher than that of today. 
13 600 – 12 700 cal. yr BP (zone CQ8).  A gradual but steady increase in 
Cyperaceae pollen coupled with a significant decline in Artemisia indicates that alpine 
meadow gradually developed around the Co Qongjiamong from 13 600 to 127 00 cal. yr 
BP. The relatively low probabilities of modern analogue and transitional vegetational 
zonal indices for pollen spectra in the early part of this period reflect the transitional  
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stages of vegetation changes from steppe to meadow. In the late part of this period, alpine 
meadow completely dominated the landscape. The replacement of steppe by alpine 
meadow is a consequence of vegetation response to climate changes. The site 
experienced a dramatic drop of 2 oC in July temperature, whereas MAP also decreased 
slightly.  
12 700-10 800 cal. yr BP (zone CQ7).  High pollen percentages of Cyperaceae 
and high probabilities of modern analogue indicate that typical alpine meadow occupied 
the landscape. The lake experienced a cold period between 12 700 and 11 500 cal. yr BP, 
when July temperature was ca. 2 oC lower than that of today. This period is coincident 
with the Younger Dryas choronozone, so the decline in temperature during this period 
may be related to the Younger Dryas cooling event. However, this cold period seemed to 
have extended beyond 11 500 cal. yr BP for another 700 years, until July temperature 
sharply rose again around 10 800 cal. yr BP.  This delayed warming may be due to the 
negative feedback of snow/ice accumulation in the Tibetan Plateau. MAP remains lower 
than that of today during this period.  
10 800-9000 cal. yr BP (zone CQ6). This period marks the upward shift of tree-
line (the ecotone of forest/non-forest), suggested by the increase of Betula pollen. 
However, as shown by pollen spectra and the result of discriminant analysis, the regional 
vegetation was still dominated by alpine meadow. The Betula pollen curves seem to 
suggest that there was a three-step upward shift of the tree-line. These abrupt shifts 
happened at 10 800, 10 500, and 10 000 cal. yr BP. Approximately 9500 cal. yr BP, the 
pollen percentages of Pinus exceeded the background level, coupled with a significant 
increase in its pollen influx, suggesting that pine trees entered the pollen source area of 
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Co Qongjiamong. During this interval, the reconstructed climate indicates rapid and 
steady rise in Tjuly, and abrupt increase in MAP. July temperatures are estimated at ca. 8.2 
ºC at 10 820 cal. yr BP. It reached as high as 9.8 ºC at the end of this period,  whereas 
MAP increased from ca. 420 mm to ca. 500 mm.   
9000- 8050 cal. yr BP (zone CQ5).  During this period, alpine meadow still 
dominated the regional vegetation. Pine continued to migrate upward, and birch sustained 
a relatively stable community. A slight drop in Betula pollen influx values and in the 
reconstructed Tjuly suggests that this cooling event may have happened between 8500 and 
8200 cal. yr BP. But overall, both Tjuly and MAP seemed to be at the same level or 
slightly higher compared with the end of the proceding period.  
8050- 6600 cal. yr BP (zone CQ4). Pollen spectra and the results of discriminat 
analysis indicate that forest dominated by birch and pine moved upward to reach the 
watershed of Co Qongjiamong, although alpine meadow still grew widely in the study 
region. The relatively low probabilities of modern analogue also suggest the ecotonal 
character of the vegetation, and that a typical or dense forest grew around the lake. The 
climatic reconstruction indicates that the Holocene maxima in Tjuly and MAP were 
attained during this period. The reconstructed values of Tjuly abruptly rose to exceed 
today’s value at the beginning of the period, and remained high for the whole interval, 
while the MAP increased non-linearly to the highest values of ca. 600-620 mm, about 
150 mm higher than that of today. However, two brief oscillations may have occurred at 
7700 and 7200 cal. yr BP, when precipitation may have declined by 25-50 mm.   
6600-4700 cal. yr BP (zone CQ3). Pine began to retreat from this region, but 
birch remained common until the end of the period. At the same time, Artemisia began to 
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invade alpine meadow. The reconstructed climate suggests that a major climate event, 
probably related to an abrupt weakening of the summer monsoon, occurred at the 
beginning of this period, resulting in a 70 mm decline in MAP and 1ºC drop in Tjuly. This 
event is followed by a 600-year period of climate recovery, at which Tjuly steadily rose 
and MAP increased again. After this period, Co Qongjiamong experienced another major 
century-scale monsoon event at ca. 5800 cal. yr BP, when MAP decreased by 60 mm 
from that of the proceding period.  The reconstructed estimates of both temperature and 
precipitation rose during the later part of this period. 
4700-2200 cal. yr BP (zone CQ2). Birch populations diminished, pine increased 
slightly, and the abundance of Artemisia in the alpine meadow continued to rise during 
this period. Co Qongjiamong experienced declines in both Tjuly and MAP at the early and 
late part of this period. During the main part of this period from 4200 to 2700 cal. yr BP, 
Tjuly remained relatively stable between 10.5 and 11ºC, whereas MAP fluctuated several 
times in the order of ca. 30 mm at 4500, 4000 and 3000 cal. yr BP.  
2200 cal. yr BP to present  (zone CQ1).  Meadows dominated by Cyperaceae 
and Artemisia occupied the region. Tree-line abruptly shifted downward to the present 
level at 2200 cal. yr BP. Both TJuly and MAP were lower than those of today during this 
period except for a short interval of slightly increased warmth and humidity between 
1900 and 1500 cal. yr BP (subzone CQ1b). 
DISCUSSION 
Relative Lake level Changes of Co Qongjiamong 
Pediastrum is a colonial green alga, which occurs naturally in freshwater 
environments, particularly in standing bodies of water such as ponds and lakes (Brenac 
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and Richards, 2001).  In the Tibetan Plateau, nine species including P. simplx, P. 
biradiatum, P. duplex, P. tricrntum, P. braunii, P. tetras, P. integrum, P. bidentulum, and 
P. boryanum are found in ponds and lakes (Table 5.2; Tibetan Investigation Group, 
1992). The most common species is P. boryanum, especially in lakes. In Yangchurong 
Co, a large lake in southern Tibet, P. boryanum is one of two most abundant species of 
planktonic green algae (Tibetan Investigation Group, 1992). As shown by Table 5.2, 
Pediastrum has a wide ecological tolerance to temperature and pH conditions. However, 
the fact that more Pediastrum colonies were found in lakes, especially large and deep 
lakes, indicates that their abundance is probably related to the water depth of lakes. The 
distribution of Pediastrum in the surface sediments of Dianchi, a large lake in Yunnan, 
seems to support such a relationship (Sun and Wu, 1988). In Dianchi, where two  
species (P. simplex and P. boryanum) are present, Pediastrum concentrations increase 
with water depth (Figure 12a). In Ahung Co, a small lake in Tibet, P. boryanum is found  
in the lake surface sediments. Its concentrations in surface samples also show a positive 
correlation with water depth (Figure 12b). In addition, Pediastrum influx values of 
samples from Ahung Co, Co Qongjiamong, and Ren Co during the interval of 9000-6000 
cal. yr BP, when strong summer monsoon prevailed in the plateau, reveal that the present 
deep lakes had higher Pediastrum influx values than shallow lakes in this period (Figure 
5.13). This fact further supports the positive relationship between Pediastrum abundance 
and water depth of lake. Therefore, it is reasonable to consider Pediastrum influx values 
as a proxy index of lake level. However, the data available to date are not sufficient to 
provide a quantitative estimate between Pediastrum influx values and lake water depths, 
thus the stratigraphic changes in Pediastrum influx values only reflect the relative 
changes of lake levels during different periods. 
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   Figure 5.14 shows the relative lake level changes inferred for Co Qongjiamong. 
Between 14 100 and 13 600 cal. yr BP, the lake level probably was close to or higher 
than today’s level. Causes of relatively high lake levels in this period have been identified 
in the Tibetan Plateau. Several explanations attribute the lake level rise to an influx of 
glacial meltwater into the lakes (Li et al., 2001). The lake level probably dropped to 
lower than that of the present during the interval of 13 600 – 10 800 cal. yr BP. In 
addition to the low monsoonal precipitation in this period, another possible explanation 
for the low lake level is that part of the monsoonal precipitation in the summer may have 
accumulated as snow and ice on the mountains around the lake. During this late-glacial 
period, summer temperature was about 1.5ºC lower than the present. Even today, the 
snow line is located at ca. 5200 m, only about 200 m higher than the lake. Therefore, the 
mountains surrounding the lake may have snow accumulations during the summer. High 
lake levels occurred between 10 800 and 9000 cal. yr BP, as shown by high Pediastrum 
influx values. The high lake level in this period may have been attributed partly to an 
increase in monsoon rainfall, and partly to increased meltwater influx into the lake due to 
greater snowmelt in response to a rise in summer temperature during this period. From 
9000 to 2700 cal. yr BP, the lake level fluctuated around the modern level. Although the 
MAP was higher than that of today, Tjuly was also higher, so the excess of precipitation 
over evaporation (i.e. effective moisture) may not have been much higher than the 
present. However, the relatively high lake level during the ensuing period between 2700 
and 1500 cal yr BP is probably due to an increase in effective moisture as a result of a 
decline in summer temperature. The lake level dropped to lower than that of today during 
the last 1500 years as monsoon rainfall fell to the lowest levels of the Holocene, only to 
rise slightly to reach  the present level during the past few centuries. 
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Figure 5.14   Pediastrum influx showing the relative lake level changes. Mean annual
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level fluctuations. 
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Although the Pediastrum influx values cannot tell us how many meters higher or 
lower the lake level was in a certain period, the data suggest that fluctuation of  lake level 
did occur during the last 14 100 years. Moreover, the data seem to suggest that lake level 
oscillation is not only a function of the monsoon rainfall and summer temperature, but 
also the supply of meltwater into the lake. 
Response of Alpine Tree-line Ecotone (ATE) to Climatic Changes 
 It is likely that extended periods of directional climate changes would bring about 
an altitudinal shift in the ranges of montane species and the associated ecotone (Kupfer 
and Cairns, 1996). However, Kupfer and Cairns (1996) questioned whether the response 
at ATE would be at a timescale useful for detecting climate changes (a few decades) 
owing to the disequilibrium related to upslope edaphic limitations and competitive 
interactions. In the Tibetan Plateau, little is known about shifts of ecotones. Our pollen 
record, presented in pollen percentage and influx diagrams (Figure 5.7, 5.8) shows that 
the shift of ATE occurred during the last 14 100 years. However, the questions are how 
fast the ATE responds to climate changes and whether the ATE is sensitive to decade- or 
century-scale climate changes. These questions are important to determining whether the 
ATE is useful for detecting decade- or century-scale climate changes.  
To answer these two questions, it is necessary to compare two records 
independent of each other, which reflect the ATE shift and climate changes respectively. 
The MAP and Tjuly were derived from pollen data, thus none of them is ideal candidate 
for climate changes. Other proxy data of climate such as geochemical data are not 
available for Co Qongjiamong to date. However, as discussed above, Pediastrum influx 
values can be used as a proxy for relative lake level changes, which is a function of 
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climatic changes. Moreover, the short life cycle of Pediastrum allows its population to 
respond to environmental changes in a sub-decadal timescale. Therefore, Pediastrum 
influx values can be used as an independent proxy for climatic changes. On the other 
hand, birth forest is a forest type at the highest elevations in this region as mentioned 
above, thus the variations of Betula influx values can be used as an independent proxy for 
ATE shift.   
 During the early Holocene, three major upward shifts of ATE happened at 10800, 
10 500 and 10 000 cal. yr BP in a 900-yr interval from 10800 to 9900 cal. yr BP, as  
indicated by an increase in both pollen percentages and influx values of Betula (Figure 
5.15). Figure 5.15 also shows that each shift of ATE underwent a transformation within 
80-140 years. Moreover, comparing Betula and Pediastrum abundance (percentages and 
influx values), one can find that synchronous variations occurred between them. These 
facts may imply that ATE responds to climate changes at a timescale of a few decades to 
less than a couple of hundred years. The downward shift of ATE around 7900 cal. yr BP, 
as suggested by a decrease in Betula percentage and influx values, is also coupled with a 
major variation of Pediastrum abundance, indicating the same fact as the upward shifts of 
ATE.  Some peaks of Pediastrum abundance coupled with ATE shifts during the mid-
Holocene lasted only decades or centuries, probably implying the decade- or century-
scale events of climatic changes. Therefore, one may conclude that the ATE could have 
responded to climate changes at decade and century-scales within a few decades in the 
southern Tibetan Plateau during the last 14 100 years. 
 However, it is also necessary to point out that tree-line migration varied with the 
arboreal species presence within the ecotone. Shrubs such as rhododendron and willow 
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Figure 5.15  Pollen percentages and influx values for Betula and Pediastrum
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responded quickly as birch did, whereas pine lagged significantly behind birch (Figure 
5.8). Such a phenomenon is also found in Scandinavia, where birch (Betula pubescens) 
and rowan (Sorbus aucuparin) responded more quickly than pine (Pinus sylvestris) to the 
climatic warming of the early twentieth century (Kullman, 1990).       
Millennial-scale Variation in the SW Monsoon in the Tibetan Plateau 
 Based on the marine and terrestrial paleoclimatic data from the Arabian Sea and 
the African-Asian monsoon region, Overpeck et al. (1996) identified two abrupt increases 
in monsoon intensity, one between 13 and 12.5 14C ka BP (mean, 14.5 cal. ka BP), and 
the other between 10 and 9.5 14C ka BP (mean, 11.4 cal ka BP). They also suggested that 
the period of maximum monsoon strength from 11 to 5 cal. ka BP lagged peak June 
insolation (14 to 8 cal. ka BP) by about 3000 calendar years (Overpeck et al., 1996).   
Our record from Co Qongjiamong does not cover the first increase in monsoon 
intensity. Reconstructed mean annual precipitation for Co Qongjiamong and Ren Co 
shows an abrupt increase in monsoon rainfall at 10.8 and 11.0 cal. ka BP, respectively 
(Figure 5.16). The proxy data of precipitation and effective moisture also show a 
significant increase in monsoon strength at ca. 10.9 cal. yr BP at Lake Shayema, and at 
11.4 cal. ka BP. at Sumxi Co. The radiocarbon dates were derived from aquatic plants for 
Sumxi Co (Fontes et al., 1993, 1996), thus the age model for Sumxi Co is potentially 
suspect because of the lake reservoir effect. Nevertheless, the basic pattern of moisture 
changes from Sumxi Co should be considered as reliable in spite of this potential dating 
problem (Morrill, 2002). Both Co Qongjiamong and Ren Co have high quality age 
control (19 radiocarbon dates from terrestrial flies and charcoal for the former, and 11 
dates of flies and charcoal for the latter), thus it seems clear that the second increase in 
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monsoon intensity suggested by Overpeck et al. (1996) left its imprints in the Tibetan 
Plateau, even though a lag of several hundred years may have occurred due to the 
negative feedback effect of snow and ice cover in the plateau. Our record also reveals that 
the well-defined period of monsoon maximum did not occur immediately after this abrupt 
increase at 11.0 cal. ka BP. Instead, it started at 8.0 cal. ka BP after another two abrupt 
increases in monsoon strength at 10.0 and 8.0 cal. ka BP.  
As shown in Figure 5.16, the durations between significant increase and decrease 
in monsoon rainfall over the four lakes exhibit a regional difference in the changes of 
monsoon rainfall. The high monsoon rainfall period spanned longer in the southeast than 
in the northwest. For example, the period with high monsoon rainfall started at ca. 11.0- 
10.8 cal. ka BP and terminated at ca. 2.5 – 2.3 cal. ka BP at Co Qongjiamong and Lake 
Shayema in the southeast, but it started at ca. 11.0 cal. ka BP and already ended at ca. 6.5 
cal. ka BP at Sumxi Co in the northwest. Such a spatial pattern is probably controlled by 
the tracks of summer monsoon airmass invasion from southeast to northwest, mimicking 
the modern climatic pattern that the southeast experiences longer monsoon season and 
more monsoon rainfall than the northwest today.  
In addition to the millennial-scale variation in SW monsoon, our data also suggest 
the occurrence of century-scale monsoon events. The pattern and possible mechanisms 
for these events will be elaborated in chapter 8.   
Comparison between Observed Results, Model Results and Insolations 
Climatic modeling provides a key to predicting future climates and to 
understanding the mechanisms of past climate change. The use of climate models 
requires that the models be thoroughly tested in order to build confidence in their results 
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and to identify the areas for improvement. Paleoclimate data are one source for checking 
the model results and can demonstrate uniquely how well a model responds to the large 
changes in forcing (Webb et al., 1998).  
The version 0 of the NCAR Community Climate Model (CCM0) was used to 
simulate ‘perpetual’ January and July conditions (Kutzbach et al., 1998). Our well-dated 
new data show that no precipitation peak appeared at 12 000 cal. yr BP as predicted by 
the CCM0 model (Figure 5.17), and precipitation peak significantly lagged peak 
insolation forcing. It is evident that the orbital forcing is not the only control on the SW 
monsoon strength. However, three abrupt increases at 11.0, 10.0 and 8.0 cal. ka BP are 
coincident with June, July and August insolation maxima (Berger, 1978), indicating the 
importance of orbital forcing in monsoon development. On the other hand, it is likely that 
abrupt changes in seasonal soil hydrology and snow-related changes in regional albedo 
were important to past monsoon forcing in the last glacial/interglacial transition  
(Overpeck et al., 1996). The lower lake level during this transition at Co Qongjiamong 
probably implies that a large ice cover probably still existed until 10.8 cal. ka BP in some 
parts of the Tibetan Plateau, which apparently would have delayed the development of 
the SW monsoon.  
  Comparing our data with insolation, we found that the curve of reconstructed 
mean annual precipitation matches the curves of August and September insolation very 
well. As shown by figure 5.4, late summer monsoon rainfall is a very important part of 
annual precipitation for this region at present. Therefore the late summer insolation 
obtained by the Tibetan Plateau seems to be vital for sustaining monsoon strength in the 
southeastern part of the Plateau at seasonal to millennial timescales. 
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 The most interesting finding in our comparison of the observed and the modeled 
results is the similarity in the variation patterns between the observed MAP for Co 
Qongjiamong and the modeled MAP for Lhasa (Bryson and Bryson, 2000), 150 km west 
to Co Qongjiamong. The latter is derived from a site-specific, high-resolution 
macrophysical climate model (Bryson, 1992). This model simulates the past monthly 
latitudes of the subtropical anticyclone, the intertropical convergence zone (ITCZ), the 
westerlies and the jetstream, and thus estimates the monthly monsoon rainfall (Bryson 
and Bryson, 2000). Both curves show similar temporal patterns in the variation of 
precipitation. However,  the modeled mean annual precipitation was apparently 
overestimated, especially in the middle Holocene.  
For the monsoon regions, the most important circulation features are the position 
of the ITCZ and the subtropical anticyclones (Domros and Peng, 1988). For the Tibetan 
Plateau, the westerlies is also a very important circulation feature controlling the onset 
and termination of the monsoon season (Dai, 1990). The macrophysical climate model is 
not as sophisticated as the widely used “General Circulation Models” (GCMs). However, 
the consistency between observed and modeled results probably is not incidental, 
although more comparisons are necessary for further validation. Therefore, 
macrophysical climate model may provide very useful information on the patterns and 
mechanisms of monsoon variation as GCMs can provide. 
CONCLUSIONS 
 Co Qongjiamong provides a well-dated high-resolution pollen record.  
The record reveals a detailed history of vegetational and climatic changes as well as lake  
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level fluctuations in the study region over the last 14100 years. Several conclusions are 
warranted. 
1. The Co Qongjiamong region was occupied by steppes during 14 100 – 13 
600 cal. yr BP. Meadows gradually replaced steppes from 13 600 to 12 700 cal. yr BP. 
Typical meadow occurred between 12 700 and 10 800 cal. yr BP. Trees migrated into the 
region after 10 800 cal. yr BP. First it was birch, then followed by pine. The alpine tree-
line ecotone seems to have responded to the climatic changes quickly within a few 
decades to several hundred years. A major downward shift of ATE happened at 2200 cal. 
yr BP. Meadow has dominated the vegetation since then, but abundance of steppe 
components has increased over the last 2200 years.  
2. MAP was lower than the present before 10 800 cal. yr BP. Co 
Qongjiamong experienced higher Tjuly than today at the period of 13400-12700 cal. yr BP 
and the lowest Tjuly during 1 2 700 – 11 500 cal. yr BP. The latter cold period is 
coincident with the Younger Dryas event at the last glacial/interglacial transition. Higher 
than present MAP and Tjuly occurred from 10 800 to 2200 cal. yr BP. After 2200 cal. yr 
BP, both temperature and precipitation declined significantly. 
3. Lake level fluctuations at Co Qongjiamong are a function of not only the 
monsoon rainfall and summer temperature, but the meltwater influx into the lake also. 
The highest lake level did not appear at the period of maximum precipitation, but at two 
transitions, one from 10 800 to 9000 cal. yr BP when MAP increased and Tjuly rose 
abruptly, and the other from 3100 to 1500 cal. yr BP when MAP and Tjuly declined non-
linearly and gradually.  
  
 
181
4. There is regional difference in the timing and duration of monsoon rainfall 
maximum in the Tibetan Plateau. The general trend is that monsoon strength increased in 
the early Holocene and decreased in the late mid-Holocene, lagging behind the insolation 
forcing for several thousand years, as suggested by Overpeck (1996). Our data also reveal 
the existence of century-scale monsoon events. 
5.  Comparison of observed data and modeled data shows that our data match 
the results derived from a macrophysical climate model better than CCM0. However, 
more data are necessary to test models to explore the spatial and temporal patterns in 
monsoon climatic changes and the mechanisms driving these variations. 
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 CHAPTER 6 
POLLEN RECORDS FROM MEADOW/STEPPE ECOTONE  
IN CENTRAL TIBETAN PLATEAU 
 
INTRODUCTION 
 As discussed in chapter 5, ecotones are sensitive to environmental changes. In 
central Tibetan Plateau, the meadow/steppe ecotone (MSE) roughly follows the 400 m 
isohyet. The dominants of steppe and meadow can be found in both steppes and 
meadows, thus the ecotone would respond to climatic changes even more quickly than 
the alpine tree-line ecotone discussed in chapter 5. So far no well-dated pollen records are 
available near the MSE to reveal the detailed history of monsoon variations in central 
Tibetan Plateau, although a few pollen records from Selin Co, Chabyer Lake, and 
Goulong Co in the interior and margins of the high-cold steppe provide some insights on 
the monsoon climate changes (Shan et al., 1992; Sun et al., 1993; Xiao and Wu, 1996; 
also see Chapter 2).  
 This chapter will show three pollen records from Co Ngion, Ahung Co and Xuguo 
Co located near the meadow/steppe ecotone. It also describes a quantitatively 
reconstructed vegetation history for the three lakes using discriminant functions, as well 
as a climatic history for Co Ngion using the pollen/climate transfer functions developed 
in Chapter 4. In addition, the biological and geochemical proxies from the three lakes are 
analyzed to reveal the major lake environmental changes and monsoon variations at 
millennial to centennial timescales during the mid-late Holocene.     
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LOCATIONS AND SETTINGS 
 Ahung Co (31º36.97’N, 92º04.22’E; 4450 m a.s.l.) is a small (3.6 km2) fresh lake 
near the ecotone between the steppe and meadow region, about 10 km north of Nagqu in 
the central Tibet (Figure 6.1, 6.2). The maximum water depth is about 1.5 m. No rivers 
flow into the lake although several streams discharge water into the wetlands surrounding 
the lake. The area of the lake’s drainage basin is about 100 km2.    
 Co Ngion (31º24’ ∼31º32’N, 91º28’∼91º33’E; 4515 m a.s.l.) is situated in the 
eastern margin of the Qiangtang plateau, about 80 km west of Nagqu (Figure 6.1). It is a 
big calcareous fresh lake, about 14.8 km in length, 4.1 km in width, and 61.3 km2 in area. 
Its maximum water depth is 5 m, and the average depth about 3.5 m. Its catchment area is 
1019.7 km2. Fourteen rivers flow into the lake (Wang and Dou, 1998). This tectonic lake 
is surrounded by lacustrine plains consisting of Quaternary sediments and hills composed 
of Cretaceous rocks (Figure 6.2).  
 Xuguo Co (31º57’N, 90º20’E; 4595 m a.s.l.) is a medium-size lake with an area 
of 22.7 km2, located in the interior of the steppe region, geographically between Nagqu 
and Baingo. It is a brackish lake with a maximum water depth of 3.5 m. Several streams 
flow into the lake.   
The study region has a cold semi-arid climate (Figure 6.3). The mean annual 
temperature is –1.4 to -0.9ºC, with the lowest and highest monthly temperatures of -13.1 
to -11.2ºC in January and 8.5-9.0ºC in July, respectively. The annual mean precipitation 
is 300-400 mm, mostly brought by the Southwest summer monsoon. About 90% of the 
annual precipitation is concentrated in the months of May to September (Tibetan 
Investigation Group 1988).  
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Stipa purpurea community is the typical steppe growing on the Qiangtang Plateau 
west of the ecotone (Figure 6.4). Its coverage is about 20-40%. The accompanying 
species are Artemisia wellbyi, A. minor, Astragalus heydei, A. densiflorus, Carex montis-
everestii, C. moorcroftii, Dracocephalum heterophyllum, Festuca ovina, Heteropappus 
boweri, H. goildii, Kobresia macrantha, K. robusta, Leontopodium pusillum, Morina 
kokonorica, Oxytropis microphylla, O. tatarica, Poa litwinowiana, P. crymophila (Wang, 
1988). Kobresia pygmaea community, the most widely distributed alpine meadow in the 
Tibetan Plateau, occurs on the landscapes east of the ecotone. Its coverage is about 60-
90%. Besides the dominant species Kobresia pygmaea, commonly found species include:  
Cyperaceae species such as K. humilis, K. royleana, K. prainii, K. littledalei, K. 
microglochin; Gramineae species such as Carex moorcroftii, C. atrofusca, C. oxyleuca, 
C. montis-everestii, C. ivanoviae, Poa calliopsis, P.  litwinowiana, Stipa purpurea, S. 
aliena, S. regeliana, Festuca nitidula, F. ovina, Deyeuxia tubetica, D. levipes and 
Roegneria brevipes; and other species such as Leontopodium nanum, L. pusillum, 
Potentilla bifurca, P. anserine, P. saundersiana, Sibbaldia sp., Thalictrum alpinum, 
Polygonum macrophyllum, and P. viviparum. In the lowlands of lake basins are marsh 
meadows, which consist of Kobresia littledalei, K. royleana, K. pygmaea, Carex 
satakeana, C. moorcroftii, Blysmus sinocompressus, B. compressus, and Ranunculus 
brotherusii var. tanguticus (Tibetan Investigation Group 1988).  
MATERIALS AND METHODS 
Results presented in this chapter are based on three piston cores taken from the 
centers of Ahung Co, Co Ngion and Xuguo under 1.5, 4.8 and 3.5 m of water, 
respectively. The Ahung Co core was taken in the summer of 1995 (Figure 6.5), and the 
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others were taken in the summer of 1999 (Figure 6.6).  Subsamples of 0.9 cc were 
extracted at 5-cm intervals for the Ahung Co core, and 2-cm intervals for the other cores. 
Loss-on-ignition analysis was conducted at 105ºC, 550ºC and 1,000ºC to determine the 
percentages of water, organic matter, and carbonates in the sediments, respectively 
(Dean, 1974).  Pollen samples were processed and counted using standard methods 
described in Chapter 5. More than 400 pollen grains, excluding spores and algal colonies, 
were counted at each level. Pollen percentages were calculated based on a sum of all 
terrestrial plant pollen. The discriminant functions and pollen/climate transfer functions 
developed in Chapter 4 were applied to reconstruct the vegetation and climate.  
STRATIGRAPHY AND CHRONOLOGY 
Ahung Co 
Three cores were taken from Ahung Co in the summers of 1995 and 1999. The 
sediments from these cores are correlated well (Morrill, 2002). Pollen samples presented 
here were collected from core 2A. The sediments of all three cores are characterized by 
an alternation of carbonate-rich layers and Potamogeton-rich layers (Figure 6.7). 
However, the latter are much thinner than the former, and they are only 1-1.5 cm in 
thickness. The carbonate-rich layers contain about 50% carbonates and <20% organic 
carbon, whereas the Potamogeton-rich layers contain >20% organic carbon and have less 
carbonates than the carbonate-rich layers (Figure 6.7).  
The chronological control for the cores of Ahung Co was based on the 59 
radiocarbon dates obtained from Potamogeton and terrestrial charcoal (Figure 6.8). A 
comparison of ages derived from terrestrial charcoal with those obtained from 
Potamogeton shows that the lake reservoir age varies through time (Figure 6.9). The 
largest reservoir age occurs after 3000 cal. yr BP and earlier than 8000 cal. yr BP, 
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Figure 6.8  Radiocarbon dates for Ahung Co obatined from 
Potamogeton and terrestrial charcoal. Ages from Potamogeton 
are derived from three cores (2A, squares; 3A, circles; 4A,
diamonds). Dates from charcoal are derived from material
from cores 2A and 3A. Error bars in the x-direction show 2s
errors. Error bars in the y-direction show range of sediment 
from which sample was taken. If error bars are not shown,
they are smaller than the symbol. Lines show the age model
applied to sediments (Morrill, 2002) 
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Figure 6.9  Difference between calibrated ages derived from age model
of terrestrial charcoal dates and measured ages of Potamogeton for 
Ahung Co showing that lake reservior ages vary through time. Thin bars
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reaching as large as 1700-2200 yr. The smallest reservoir age, less than 100 yr, is found 
at the interval of 6000-7000 cal. yr BP. An average reservoir age between 4000 and 8000 
cal. yr BP is about 200-yr. The age model of Ahung Co also shows that the upper part 
above 35 cm (after ca. 6500 cal. yr BP) has a much lower sedimentary rate than the lower 
part. 
Co Ngion 
 A 110-cm core was taken from a site near the center of Co Ngion (30º28’N, 
91º30’E) at a water depth of 4.80 m. The sediments are mainly composed of clayey silt. 
At 91.5-93 cm is a unit of peat mixed with clay, whose organic matter is about 30% 
(Figure 6.7). A unit composed of clay and very thin peat layers with 22-30% organic 
matter is found at 59-61 cm. Results of LOI (loss-on-ignition) indicate that the organic 
matter in sediments show 3 cycles from high (more than 25%) to low values (less than 
15%). The sediments of the core generally contain more than 15% carbonate matters 
except in some units rich in organic matter.  
Radiocarbon dates for Co Ngion were obtained from Potamogeton and bulk 
organic sediments (Table 6.1). As expected, Co Ngion has reservoir effect like Ahung 
Co. The date at the top of the core indicates that the lake has a reservoir age as large as 
ca. 2000 yr for the top sediments. The comparison of these dates from the core suggests 
that the dates at the upper 40 cm could have had the same reservoir age. The ages from 
the upper 40 cm corrected by this reservoir age show that they are located within the last 
3000 cal. years. There is a 1700-2200 yr reservoir age in Ahung Co at that time.  
Considering the same regional background in bedrock for both Co Ngion and Ahung Co, 
it seems reasonable to correct the dates from the upper 40 cm by this reservoir age. 
However, the reservoir age varies through time, as indicated by Ahung Co radiocarbon 
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Figure 6.10  Age-depth curve and regression equation for Co Ngion. 
Measured radiocarbon dates have a ~2000-yr reservoir age for the
upper part and ~600-yr for others (see text). Error bars show 2s errors. 
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dates, so that this reservoir age cannot be applied to other dates. The comparison of the 
dates obtained from bulk organic and Potamogeton at 91.5 cm shows a ~400 yr 
difference (older for bulk organic). Moreover, as suggested by dates from Ahung Co, a 
~200 yr difference exists between dates obtained from terrestrial charcoal and 
Potamogeton during the interval of 4000-8000 cal. yr BP. Thus it seems reasonable that 
the dates of bulk organic and Potamogeton have a ~600 yr and ~200 yr reservoir age 
respectively for the lower part of the core.  The date of bulk organic at 60.5 cm probably 
has larger reservoir age than the lower part and smaller than the upper part since it 
located at the transitional part of the core. This date was excluded in the age-depth model, 
in which the date of Potamogeton at the same level was used. The final age-depth model 
(Figure 6.10) suggests that the lower part of the core has higher sedimentary rate than the 
upper part. 
Xuguo Co 
 A 101-cm core from Xuguo Co is composed of clayey silt. Three lithological 
units can be recognized based on the results of LOI (Figure 6.7). The interval between 44 
and 101 cm contains relatively high organic and carbonate matter. The former fluctuates 
between 13.5% and 21.6%, whereas the latter varies between 9.6% and 17.4% with 
several major fluctuations.  The lowest organic matter content (8-15%) occurs at the 
depth of 44-20 cm, where the carbonate content shows two cycles from low (ca. 10%) to  
high values (ca. 18%). The sediments at the upper 20 cm contain low carbonate content 
(6-11%) and high organic matter content (14-21%).  
 The radiocarbon date at the top (0-2 cm) of the Xuguo Co core is 470±50 14C yr 
BP, close to modern date (Table 6.1), implying that the lake has very small or no  
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Figure 6.11  Age-depth curve and regression equation for Xuguo Co. 
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reservoir effect. Xuguo Co is located in the basin with bedrocks different from those 
around Ahung Co and Co Ngion, so it is not surprising that Xuguo Co has negligible 
reservoir effect compared with Ahung Co and Co Ngion. Even if the lake has some 
reservoir effect, it would have been less than a couple of hundred years and within the 2σ 
error range of radiocarbon dates. Therefore, the dates (Table 6.1) used to build the age-
depth model of the Xuguo Co core (Figure 6.11) are not corrected by any reservoir age. 
The age-depth model shows that the upper part of the core has lower sedimentary rate 
than the lower part. It seems clear that sedimentary rates show similar trend among the 
three lakes in central Tibetan Plateau. The low sedimentary rate in the late Holocene is 
probably attributed to regional hydrological changes caused by climate variations such as 
a weakened summer monsoon. 
THE POLLEN RECORDS 
The pollen spectra from all three lakes are dominated by herbaceous pollen (91-
99%), mainly including Gramineae, Artemisia, Cyperaceae, Ranunculaceae, Thalictrum, 
Compositae, Chenopodiaceae, Caryophyllaceae, Leguminosae, and Polygonum. The 
arboreal pollen contains mainly grains of Hippophae, Betula, Pinus, and Alnus, along 
with isolated grains of Abies, Picea, Quercus, Ulmus, Salix, Potentilla, and Caragana. 
The occurrence of tree pollen is apparently due to long-distance transport. The shrubs 
such as Hippophae, Potentilla and Caragana may come from local vegetation.  
Ahung Co 
The pollen record of Ahung Co can be visually divided into four local pollen 
zones (Figure 6.12) based on pollen percentages and pollen influx values. 
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Zone AC-4 (90-53 cm; 8300 to 7150 cal. yr BP). This pollen zone is characterized 
by the highest percentages of Gramineae (23.6% on average) and the lowest percentages 
of Cyperaceae (26.9%). Pollen percentages of Artemisia are high (36.2%). Thalictrum 
and Rannunculaceae are relatively common. This pollen zone has the highest pollen 
influx values. Both percentages and influx values of Pediastrum increase from the bottom 
to the top of the zone.       
Zone AC-3 (53-28 cm; 7150 to 6500 cal. yr BP). Pollen percentages of Artemisia 
are still high (37.3%). Gramineae pollen decreases from 23.6% to 18.8%, whereas 
percentages of Cyperaceae increase from 26.9% to 30.1%. Pollen percentages of other 
taxa remain low with very minor changes. Pollen influx values show a dramatic declining 
trend. Pediastrum percentages and influx values seem to be decreasing except for a single 
spike at the top of the zone.    
Zone AC-2 (28-18 cm; 6500 to 5100 cal. yr BP). This zone is marked by a 
dramatic decline in pollen influx values and the lowest amounts of Pediastrum. Pollen 
percentages of dominant pollen types such as Gramineae, Artemisia, Cyperaceae and 
Thalictrum do not show any changes except for a slight increase in tree pollen such as 
Betula and Pinus.  
Zone AC-1 (18-0 cm; 5100 to 2600 cal. yr BP). This zone is characterized by a 
marked increase in the pollen percentages of Cyperaceae, coupled with a decline in 
pollen percentages of Artemisia. Pollen influx values in this zone are still as low as that in  
the previous zone. Although percentages of Pediastrum reach its maximum, its influx 
values are significantly lower than those in zones AC-3 and AC-4. 
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Co Ngion 
The pollen record from Co Ngion is divided into five pollen zones (Figure 6.13).      
Zone CN-5 (110-91 cm; 6300 to 5400 cal. yr BP). Gramineae pollen is 
consistently and abundantly represented throughout this zone. Its percentages vary 
between 23% and 29%. The frequencies of Artemisia pollen fluctuate between 20% and 
29% with two peaks and one valley.  Cyperaceae pollen declines non-linearly from 
45.5% at the base level to 29.5% at the top level. This zone has relatively high pollen 
influx values. 
Zone CN-4 (91-59 cm; 5400 to 4300 cal. yr BP). Cyperaceae pollen abruptly 
increases from 29.5% to 56% at the beginning of zone CN-4, and then decreases steadily 
to 29%. Gramineae pollen decreases initially, and then gradually increases to its highest 
percentages (35%). Both percentages and influx values of Artemisia show a general trend 
of increase after a major decline at the lower part of the zone. There are no significant 
changes for other pollen types.  
Zone CN-3 (59-31 cm; 4300 to 3000 cal. yr BP). This zone is marked by a 
gradual decrease in the pollen influx values and percentages of Artemisia and Gramineae. 
Cyperaceae pollen increases at the expense of Artemisia and Gramineae pollen. Other 
pollen types are still represented at low quantities.   
Zone CN-2 (31-15 cm; 3000 to 1800 cal. yr BP). This zone is characterized by a 
dramatic increase in Gramineae pollen, and by a decrease in Cyperaceae pollen.  
Artemisia pollen remains relatively high, but a marked decline occurs in the middle of the 
zone. Pollen influx values in this zone are significantly lower than that in zone CN-3.   
Zone CN-1 (15-0 cm; 1800 cal. yr BP to present). This zone is dominated by 
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Cyperaceae pollen. Cyperaceae pollen accounts for 50% of pollen sum, and reaches its 
highest percentages. However, its influx values are lower than that in other zones. Pollen 
percentages of both Gramineae and Artemisia significantly decrease.   
Xuguo Co 
The pollen record from Xuguo Co is divided into five pollen zones (Figure 6.14). 
   Zone XC-6 (101-63 cm; 8600 to 7850 cal. yr BP). This basal pollen zone is 
characterized by the highest pollen influx values and relatively frequent fluctuations in 
pollen percentages of Artemisia and Gramineae. Gramineae pollen varies between 20% 
and 40%, while Artemisia pollen fluctuates between 28.5% and 48.0%, showing a 
reciprocal trend to each other. This zone has moderately high percentages of Cyperaceae 
(19.0-30.6%). Thalictrum, Compositae, and Rannunculaceae are relatively common. 
Pollen percentages of Chenopodiaceae are less than 1%.  
Zone XC-5 (63-41 cm; 7850 to 6900 cal. yr BP). Pollen influx values steadily 
decrease in this zone. Cyperaceae pollen increases slightly, whereas percentages of 
Artemisia decrease. Gramineae pollen is consistently and abundantly represented 
throughout this zone. There are no significant changes among the other pollen types.   
Zone XC-4 (41-29 cm; 6900 to 5600 cal. yr BP). This zone is marked by an 
increase in pollen percentages of Artemisia, Compositae, Chenopodiaceae, and Ephedra. 
Pollen percentages of Gramineae decrease dramatically to its minimum value (11.2%). 
Pollen frequencies of Cyperaceae remain high with a significant rise at the end of the 
zone.  Pollen influx values for most pollen types except Compositae are lower in this 
zone than the preceding zone. 
Zone XC-3 (29-21 cm; 5600 to 4500 cal. yr BP). This zone is characterized by a  
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significant increase in pollen percentages of Gramineae and Cyperaceae, coupled with a 
marked decrease in pollen frequencies of Artemisia. Pollen influx values are low, and 
show a decreasing trend. 
Zone XC-2 (21-13 cm; 4500 to 3000 cal. yr BP). The frequencies of Cyperaceae 
increase sharply to reach its highest value (45.6%), whereas pollen percentages of 
Artemisia decrease to its lowest value (17.4%). The frequencies of Gramineae pollen 
decline but remain relatively high. This zone is also defined by very low pollen influx 
values and relatively high percentages of long-distance transported tree pollen such as 
Pinus, Alnus, Betula, and Abies.  
Zone XC-1 (13-0 cm; 3000 to present). This zone is distinguished from the zone 
XC-2 by minimum frequencies of Gramineae pollen. Artemisia pollen slightly increases 
in this zone. Cyperaceae pollen percentages remain high (35-45%). The pollen of 
Polygonum, Caryophyllaceae, and Ephedra are present in small amounts, but more than 
that in zone XC-2. Long-distance transported tree pollen is still relatively common.   
VEGETATION HISTORY 
 Figure 4.15 shows the vegetation reconstructed by discriminant functions. The 
low probabilities (less than 0.5) of modern analogue suggest that these fossil samples do 
not have good modern analogues, indicating the transitional nature of the ecotone and the 
effect of local pollen source on lake pollen records. Ahung Co and Xuguo Co are 
relatively smaller lakes compared with Co Ngion, so pollen records from Ahung Co and 
Xuguo Co reflect local vegetation rather than regional one.  
 Although Ahung Co is located on the meadow/steppe ecotone, the vegetation was 
dominated by steppe during the entire interval between 8300 and 2600 cal. yr BP. At 
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present, the northeastern shore of the lake is surrounded by wetland occupied by marsh 
meadow composed of Cyperaceae, but the southwestern shore by hills occupied by 
steppe vegetation dominated by Artemisia and Stipa (field observation). Therefore, it is 
not surprising that the vegetation was dominated by steppe if the amounts of monsoon 
rainfall or effective moisture are not sufficient to support the development of meadow 
soil on the hills. Meadow, most likely marsh meadow, occurred around 4000 cal. yr BP. 
This is probably attributed to a drop in the lake level resulting in the expansion of marsh 
meadow and its moving closer to the coring site.  
 Xuguo Co is located within the steppe region. Marsh meadow locally grows 
around the lake basin. The reconstructed vegetation shows that no typical alpine meadow 
existed over the last 8500 years. Between 8500 and 4500 cal. yr BP, steppe dominated the 
pollen source area, implying that the meadow/steppe ecotone did not move westward to 
alter the vegetation in the pollen source area of the lake. However, significant changes in 
relative frequencies of dominants such as Gramineae and Artemisia indicate the 
variations in plant abundance of different steppe components. Approximately 4500 cal. yr 
BP, abrupt increase in the relative frequencies of long-distance transported tree pollen 
and decrease in pollen influx suggest a dramatic decline in pollen production, i.e. 
vegetation coverage. This low vegetation coverage lasted the following 4500 years. 
During this period, more marsh meadow occupied the lake basin, probably due to 
declining lake level as in the case of Ahung Co.     
  Co Ngion is a large lake located on the meadow/steppe ecotone. Its pollen record 
reflects regional vegetation changes. The reconstructed vegetation reveals a detailed 
history of meadow/steppe ecotonal shifts. The ecotone shifted eastward during the 
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interval from 6300 to 5400 cal. yr BP (zone CN-5). This is followed by a westward shift 
at 5400-5000 cal. yr BP (lower part of zone CN-4), and then an eastward shift again at 
5000-4300 cal. yr BP (upper part of zone CN-4). The vegetation changed several times 
between steppe and meadow during the period of 4300-3000 cal. yr BP (zone CN-3), 
indicating frequent shifts of the ecotone. This period was followed by a period dominated 
by steppe between 3000 and 1600 cal. yr. BP. After that, the ecotone gradually migrated 
to its modern position.  
MAJOR ENVIRONMENTAL CHANGES  
Bioclimatic index 
 In central Tibetan Plateau, Cyperaceae is a dominant of both alpine meadow and 
marsh meadow. Cyperaceae pollen derived from the former reflects the signature of 
regional vegetation, whereas its pollen from the latter reflects the composition of local 
vegetation. Due to the lake edge habitat favorable to marsh vegetation, it is difficult to 
separate Cyperaceae pollen from these two different origins in lake pollen records, 
especially for those small lakes such as Ahung Co where the pollen is mainly derived 
from local vegetation, or even moderate lakes such as Xuguo Co. Therefore, 
pollen/climate transfer functions, which are developed using surface samples 
predominantly collected from alpine meadow, were applied only to the pollen record of 
Co Ngion to reconstruct paleoclimate.  
  Artemisia/Chenopodiaceae pollen ratio (A/C) was used as a bioclimatic index 
indicating atmospheric or soil moisture in the highly stressed environment of the high 
desertic Tibetan Plateau (Van Campo and Gasse, 1993; Liu et al., 1998). However, the 
A/C ratio cannot be used as an indicator of moisture due to the very low percentages of 
  211
Chenopodiaceae pollen in the steppe and meadow regions (see Figure 6.12-14). A 
candidate for a bioclimatic index for the steppe and meadow region is the 
Gramineae/Artemisia (G/A) pollen ratio. Gramineae and Artemisia are the two dominant 
pollen types of the three lakes. In the central Tibetan Plateau, the Artemisia pollen mainly 
comes from Artemisia wellbyi, A. minor, A. moorcroftiana, and A. desertorum, whereas 
the Gramineae pollen mainly comes from Stipa purpurea, S. basiplumosa, S. 
roborowskyi, S. glareosa,  Festuca ovina, Carex montis-everestii, C. moorcroftii, Poa 
litwinowiana, and P. crymophila (Wang, 1988; Tibetan Investigation Group; 1988). 
Ecologically, sage communities are more characteristic of  drier and more open condition 
than grass communities (Tibetan Investigation Group, 1988). Data from the surface 
samples with abundant Artemisia and Gramineae pollen also suggest the existence of 
such relationship (Figure 6.16). G/A ratios rise with the increase of moisture in July. A 
power fit shows that the positive correlation between G/A ratio and moisture in July is 
statistically significant at a 0.01 level. It is thus reasonable to use the G/A ratio as an 
indicator of atmospheric or soil moisture availability for pollen records from the steppe 
and meadows regions, especially in cases where it is uncertain whether the Cyperaceae 
pollen comes from local or regional origins.  
If Cyperaceae pollen is derived from regional alpine meadow, it is also reasonable 
to use the Cyperaceae/(Gramineae+Artemisia) ratio as an indicator of moisture or an 
index indicating the shift of MSE, since Cyperaceae is the dominant of alpine meadow 
whereas Gramineae and Artemisia are the main components of alpine steppe.  On the 
other hand, if Cyperaceae pollen is derived from local marsh meadow, lower lake level or 
drier conditions would be indicated by a rise in Cyperaceae pollen as the lake dries up 
and lake edge habitats move closer to the coring site.   
0.5 0.6 0.7 0.8 0.9
0.0
0.5
1.0
1.5
2.0
ln(Y) = 3.768 * ln(X) + 1.13
r2=0.50
G
/A
 ra
tio
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Figure 6.16  Relationship between Gramineae/Artemisia ratio and 
moisture derived from selected surface samples (the selection criteria
are: pollen percentages of Gramineae and Artemisia within their 
range of fossil samples and G/A ratio within its range of fossil 
samples from three lakes). Moisture in July is calculated by the  
precipitation/potential evapotranspiration ratio in July.   
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 The computation of pollen influx (grain/cm2/yr) overcomes the numerical 
problems of percentage statistics (Birks and Gordon, 1985). Pollen influx provides 
information on an estimate of past plant population. However, the pollen influx diagrams 
(see Figure 6.12-14) appear to reflect changes in pollen transport more than changes in 
pollen production. In general, the variability in vegetation coverage between meadow and 
steppe is two or three times (Tibetan Investigation Group, 1988). Therefore, variability of 
10X or more in pollen influx among different periods cannot be attributed solely to 
vegetation changes. Stream flows and runoff are very effective agents of pollen transport 
into lakes (Bonny, 1976). So higher summer monsoon rainfall appears to transport more 
pollen into lakes. There are several rivers that flow into Co Ngion and Xuguo Co. For 
Ahung Co, several streams discharge water into the wetlands surrounding the lake. These 
streams probably flowed directly into the lake during the Holocene, even though they do 
not today.  Therefore, total pollen influx can be used as a rough indicator of summer 
monsoon rainfall. However, it should be used with caution because besides vegetation 
coverage and monsoon rainfall, the influx values may also be affected by other factors 
such as lake level change. A drop or rise in lake level can result in the coring location 
being closer or farther away from the source vegetation (such as lakeshore communities), 
thereby resulting in higher or lower pollen influx in the core.   
Geochemical Proxy 
 A series of geochemical proxies, including the percent by weight of total carbon 
(TC) and inorganic carbon (IC), the percent total organic carbon (TOC) and carbonate 
(CaCO3), the δ13C and δ18O of bulk carbonate, the carbon-to-nitrogen ratio (C/N), and the 
percent by volume of aragonite, calcite and dolomite, were measured by Morrill (2002) 
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for samples from the three cores of Ahung Co.  The δ13C and δ18O of bulk carbonate will 
be used late in the interpretation of environmental changes. The fluctuations in the 
variability of δ13C can be partly explained by changes in the relative abundance of 
lacustrine algae and Potamogeton. High δ13C values reflect high abundance of 
Potamogeton, i.e. low abundance of lacustrine algae. Variations in the δ18O of bulk 
carbonate may reflect changes in lake temperature, the relatively amounts of aragonite 
and calcite, the relative amount of detrital carbonate, and the δ18O values of lake water 
(Morrill, 2002).  
Major Environmental Changes 
Ahung Co 
 Although the sampling interval for this lake is relatively coarse, pollen data 
coupled with sediment-stratigraphic and high-resolution geochemical data (Figure 6.17) 
still provide a lot of information on effective moisture, monsoon rainfall, and lake level 
changes.   
 8200 – 7200 cal. yr BP. Values of total pollen influx and Pediastrum influx are 
high during this period. High pollen influx indicates high monsoon rainfall since 
vegetation did not change significantly (see Figure 6.15). High Pediastrum influx 
suggests relatively high lake level. The relatively stable and low δ18O values of carbonate 
at this time suggest that the lake was overflowing. If the lake was overflowing, water 
depth at the coring site would have been >50 cm deeper than it is today (Morrill, 2002). 
This estimate seems consistent with the relatively high lake level inferred from 
Pediastrum influx. Values of δ13C are low and closer to values expected for basin-derived 
dissolved inorganic carbon (DIC) than to values of δ13C for lake DIC in equilibrium with 
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 atmospheric CO2, probably indicating a low residence time for lake waters (Morrill, 
2002) and high abundance of lacustrine algae as indicated by high Pediastrum influx. 
This period is also characterized by high values of the G/A ratio, suggesting high air or 
soil moisture. Large amounts of detrital material were deposited in the lake during this 
time, presumably resulting from more erosion and slope runoff due to wetter conditions. 
Moreover, it is the only interval when fish bones are common in the sediments, and we 
did not observe any fish during our visits to the lake (Morrill, 2002). All evidences 
including biological or geochemical proxies suggest the existence of high monsoon 
rainfall, i.e. strong summer monsoon, high lake level, and high soil moisture during this 
interval.  However, short-term environmental changes toward dry conditions at ca. 7800 
and 7500 cal. yr BP are also deduced from sediments, biological indices and geochemical 
data. 
 7200 – 6500 cal. yr BP. This stage experienced significant lake level fluctuations, 
as indicated by major oscillations in the Pediastrum influx. It coincides with the decline 
in moisture and increased residence time suggested by G/A ratio and δ13C values. 
Nevertheless, high values of total pollen influx and low δ18O values indicate that 
relatively strong monsoon conditions still existed in this interval. However, one abrupt 
environmental change probably occurred at ca. 6700 cal. yr BP as indicated by sharp 
drops and rises in all proxy indicators.     
6500 – 3000 cal. yr BP. Major climatic transition toward weaker monsoon 
conditions suddenly initiated at ca. 6500 cal. yr BP, marked by a dramatic decrease in 
G/A ratio, values of total pollen influx and Pediastrum influx, and a significant increase 
in δ13C and δ18O values. This transition is followed by a 1200-yr period of dry conditions. 
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The biological signals show low humidity, monsoon rainfall, and lake level. High δ18O 
and δ13C values indicate weak summer monsoon and increased residence time during this 
dry period, especially the 400-yr interval between 5900 and 5500 cal. yr BP, when a layer 
of Potamegton peat was deposited and Pediastrum abundance was at its minimum levels. 
This marks a major century-scale monsoon weakening event. The interval between 5300 
and 3000 cal. yr BP is marked by a significant increase in G/A ratio and a slight increase 
in the values of total pollen influx and Pediastrum influx. The lake environment during 
this interval probably returned to wet conditions. But it may be interrupted by a century-
scale monsoon weakening event at ca. 4500 cal. yr BP, as indicated by significant 
changes in the geochemical proxies. This short-term event, however, is not clearly 
reflected in the biological proxies perhaps due to the relatively low sampling resolution.  
<3000 cal yr BP. Another major climatic transition toward weaker monsoon 
conditions occurred around 3000 cal. yr BP. The highest values of δ18O are recorded in 
this interval. The major drop in G/A ratio and Pedisatrum influx values is found around 
3000 cal. yr BP. No lake sediments are preserved after 2000 cal. yr BP, implying that the 
lake was no longer perennial (Morrill, 2002).  
Xuguo Co  
 The biological and geochemical proxies from Xuguo Co (Figure 6.18) reveal a 
similar trend of environmental changes to that derived from Ahung Co. The SW monsoon 
decreased abruptly in steps associated with a series of century-scale monsoon weakening 
events during the middle and late Holocene. For Xuguo Co, Cyperaceae pollen is most 
likely to be derived from the marsh meadow around the lake. Thus more Cyperaceae 
pollen indicates lower lake level or drier condition. The positive correlation between 
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Cyperaceae pollen frequencies and organic matter content in sediments further 
demonstrates the existence of such a relationship between abundance of Cyperaceae 
pollen and relative lake level. The negative correlation between contents of carbonate and 
organic matter implies the same fact, as shown by Ahung Co, because more carbonates 
indicate relatively higher lake level. No Pediastrum colonies were found in the sediments 
from Xuguo Co, suggesting the lake never became a fresh one during the last 8500 cal. 
years.     
 8500 – 7200 cal. yr BP. The highest values of total pollen influx occurred during 
this interval, indicating that the lake obtained the highest monsoon rainfall during this 
time over the last 8500 cal. years. The lake also experienced high lake levels, as reflected 
by low Cyperaceae and organic matter contents. However, the relatively low G/A ratio 
shows low moisture availability despite the high monsoon rainfall, probably due to high 
evapotranspiration at this time resulting from relatively high temperature. Two short-term  
environmental changes toward drier conditions at ca. 8300 and 7800 cal. yr BP are also 
deduced from the declines in G/A ratio and pollen influx.  
 7200 – 6400 cal. yr BP. Significant increase in G/A ratio suggests a rise in 
moisture, although the monsoon rainfall probably decreased, as indicated by a steady 
decline in total pollen influx values. Relatively high lake levels persisted at this interval 
and coincided with relatively high moisture. However, this wet period may be interrupted 
by a short-term reversal at ca. 6600 cal. yr BP when there is an abrupt drop in G/A ratio. 
6400 – 3000 cal. yr BP.     Approximately 6400 cal. yr BP, an abrupt decline in G/A ratio 
marks a major climatic transition toward drier conditions, although the values 
of pollen influx do not show any significant changes. However, the contents of organic 
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matter increased significantly at this time, while carbonates decreased to the level at 
present. This transition is followed by a drier period from 6400 to 5300 cal. yr BP. The 
driest conditions probably occurred the interval between 5800 and 5600 cal. yr BP, 
indicated by the lowest G/A ratio, high Cyperaceae and organic matter contents, and low 
carbonate. The relatively high values of total pollen influx may reflect more local pollen 
input such as Cyperaceae rather than more monsoon rainfall. The interval between 5300 
and 3000 cal. yr BP is characterized by high G/A ratio, indicating that the lake 
environment returned to wet condition, as Ahung Co did. However, a century-scale 
monsoon weakening event around 4600 cal. yr BP is also deduced by a decline in G/A 
ratio, pollen influx and carbonate content, and a rise in Cyperaceae pollen and  organic 
matter contents.  
3000 cal. yr BP to present.  The G/A ratio began to drop abruptly after 4000 cal. 
yr BP, and by 3000 cal. yr BP it has reached near-minimum levels. The pollen influx 
curve follows a similar trend, reaching minimum values around 2400 cal. yr BP. The 
abrupt declines in G/A ratio and pollen influx values suggest another major climatic 
transition towards weaker monsoon conditions. The proxies show that the climatic 
condition is drier than the present during most of the last 3000 cal. years. The lowest 
value of total pollen influx and low G/A ratio at ca. 2400 cal. yr BP may reflect a major 
dry event. A return to slight more humid conditions ensued. At 1000 cal. yr BP, the 
decreases in G/A ratio and pollen influx probably indicate another dry event.  
Co Ngion 
For Co Ngion, a large lake, it is evident that Cyperaceae pollen is mainly derived 
from regional vegetation. Comparison of Cyperaceae pollen frequencies and organic 
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matter contents shows no significant correlation between them (see Figures 6.7 and 6.13), 
further supporting this conclusion. Quantitative reconstruction of vegetation and climate 
based on the pollen record from Co Ngion reveals the shift of MSE and monsoon 
variations over the last 6500 cal. years (Figure 6.19).   
 6500 – 3000 cal. yr BP.   A major climatic transition toward weak monsoon 
conditions was suddenly initiated at ca. 6500 cal. yr BP, as suggested by proxies from 
Ahung Co and Xuguo Co. The reconstructed Tjuly was similar to that of today from 6500 
to 5800 cal. yr BP, and gradually rose to the highest point at about 1˚C higher than today 
at 5400 cal. yr BP. MAP decreased from 6500 to 5400 cal. yr BP, causing a decline in 
moisture and lake level, an eastward shift of the MSE, and the formation of a peat layer 
in the lake. The reconstructed MAP at values lower than today’s during the interval of 
6400 – 5400 cal. yr BP indicates that the SW monsoon had probably weakened 
significantly after this major transition. After this major dry event, MSE shifted westward 
again causing the regional vegetation to change from steppe to meadow. MAP began to 
increase towards the present level, and remained relatively stable between ca. 5400 and 
5000 cal. yr BP, whereas Tjuly declined abruptly to 0.5˚C lower than present. After 5000 
cal. yr BP, MAP decreased and Tjuly increased remarkably, resulting in an eastward shift 
of the MSE. Another abrupt decline in MAP and a marked rise in Tjuly occurred at 4500 
cal. yr BP when regional vegetation was primarily a steppe dominated by steppe 
Gramineae, Artemisia and Cyperaceae. The low precipitation and high temperature 
caused a decrease of effective moisture and a remarkable drop of lake level, resulting in 
the formation of another peat layer that marks the culmination of another major dry 
event. From then on until 3000 cal. yr BP, inferred MAP increased to about  the present 
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value, Tjuly fell to fluctuate around the present value, and the MSE migrated westward. 
During the interval of 6400-3000 cal. yr BP, the variations of the total pollen influx are 
basically consistent with the changes of MAP. However, abnormally high values existed 
at two major events, which probably result from significant change of distance between 
the coring site and pollen sources such as local vegetation and stream mouths. That is, 
pollen sources moved close to the coring site as the lake shrank in size during the dry 
events. Consequently, the shallower lake allowed Potamogeton to grow at the coring site, 
eventually forming the peat layer.  
3000 cal. yr BP to present. Inferred MAP fell abruptly after 3000 cal. yr BP to 
about 30 mm below the present, whereas Tjuly only changed slightly. The MSE moved 
eastward markedly, and regional vegetation changed from meadow to steppe. From 2300 
to 1100 cal. yr BP, MAP increased gradually and Tjuly decreased slightly. From 1100 cal. 
yr BP until today, regional vegetation was dominated by meadow, and inferred MAP was 
gradually rising to the present level. Tjuly dropped by ca. 0.8˚C during the interval of 700-
300 cal. yr BP, which may indicate the occurrence of the Little Ice Age cooling event in 
the Tibetan Plateau.  
SUMMARY AND CONCLUSIONS 
Three independent paleoecological records derived from pollen and geochemical 
analysis of sediments from the three lakes near meadow/steppe ecotone show consistent 
trends in the past changes of lake environment. A series of radiocarbon dates provides 
good age control for the three lakes. Our reconstruction of monsoon rainfall, moisture, 
July temperature, relative lake level, and MSE shifts reveals the variations of the SW 
monsoon during the Mid-late Holocene in the central Tibetan Plateau. 
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The overall trend exhibited in the three records includes a non-monotonic 
decrease in monsoon intensity associated with a series of century-scale monsoon 
weakening (dry) events and two major transitions to dry condition. The records from 
Ahung Co and Xuguo Co suggest that strong monsoon occupied the central Tibetan 
Plateau during 8500 – 6500 cal. yr BP., especially 8500-7200 cal. yr BP. At that time, the 
vegetation around Xuguo Co was still dominated by steppe, indicating that MSE did not 
move westward as far as to the Xuguo Co lake basin. This implies that the hydroclimatic 
conditions in the lake basin were not as humid as that of today in spite of the higher 
monsoonal precipitation in the region during that time. A possible explanation is that the 
evapotranspiration at that time was also higher than that of the present due to the higher 
summer temperature then as a result of high insolation during the early to middle 
Holocene. The high monsoon rainfall at that period is also observed in the records from 
Co Qongjiamong (see Chapter 5), Sumxi Co (van Campo and Gasse, 1993), and Selin Co 
(Sun et al., 1989).   
 The first major climatic transition to dry condition was initiated sometime around 
6500 cal. yr BP. The reconstructed MAP derived from pollen record of Co Qongjiamong 
shows a decline of ca. 100 mm at this transition. This transition may have marked the end 
of summer monsoon influence in the Sumxi Co basin (van Campo and Gasse, 1993; 
Maxwell and Liu, 2002). The major westward shift of MSE and inferred changes in MAP 
and other proxies from the three lakes, indicate that the monsoon rainfall decreased to 
close or even lower than that of today. This finding implies that the environment close to 
the modern one was probably established as early as 6500 cal. yr BP in central and 
western Tibetan Plateau. This transition was followed by a dry period during 6500 - 5400 
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cal. yr BP, and a major century-scale dry event centered at the interval of 5800-5400 cal. 
yr BP. A relatively wet period is recorded from 5400 to 3000 cal. yr BP in the three lake 
records. Another major century-scale dry event occurred at ca. 4500 – 4300 cal. yr BP.  
 An abrupt drop in MAP marks the second major transition to dry conditions 
around 3000 cal. yr BP. From 3000 cal. yr BP until 1600 cal. yr BP, dry conditions 
prevailed in the central Tibetan Plateau. After 2200 cal. yr BP, monsoon rainfall and 
moisture gradually increased to the present value. A cooling event observed at 700-300 
cal. yr BP in the Co Ngion record is coincident with the Little Ice age cooling event, but 
no significant decline in monsoon rainfall is found during this period. 
 In summary, the records from the three lakes shows that two major transitions and 
a series of century-scale dry events lead the central Tibetan Plateau to dry conditions. The 
two transitions are probably resulted from a threshold effect of the complicated 
interactions of the different forcing mechanisms driving the SW monsoon. The regional 
patterns and possible mechanisms of the century-scale monsoon weakening events will 
be discussed in Chapter 8. 
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CHAPTER 7 
A LATE QUATERNARY LACUSTRINE POLLEN RECORD FROM THE 
ZOIGE BASIN, NORTHEASTERN TIBETAN PLATEAU 
 
INTRODUCTION 
 The Tibetan Plateau plays a major role in the development and strength of the 
Asian monsoon system. However, little is known about the climatic and environmental 
changes in the Tibetan itself during the Quaternary. A few paleoclimatic proxy records of 
the Late Pleistocene are available in the 1990s (Thompson et al., 1990; Gasse et al., 1991, 
1996; Van Campo and Gasse, 1993; Fontes et al., 1996; Jarvis, 1993; Liu et al., 1998; 
Yan et al., 1999; Lehmkuhl and Haselein, 2000). To date, the only available continuous 
climatic records covering the last two glacial-interglacial cycles are from an ice core at 
Guliya (Thompson et al., 1998), and a 120-m-long RH core in the Zoige Basin (Chen et 
al., 1999). In this chapter, I present a pollen record covering the last two 
glacial/interglacial cycles from the upper 60 m of the RM core, another long (310 m) 
sediment core taken form the Zoige Basin (Hu et al., 1999). Both the RM core and the 
RH core were taken from the northern part of the Zoige Basin, in the northeastern part of 
the Tibetan Plateau. The Zoige Basin is situated near the western limit of the influence of 
the Southeast Asian summer monsoon, and also on the northern limit of the area 
influenced by the Southwest summer monsoon (Yie and Gao, 1979). Therefore, this 
region is likely to be sensitive to climatic changes related to monsoon fluctuations.  
LOCATION AND SETTING 
 The Zoige Basin is located in the northeastern margin of the Tibetan Plateau, 
between latitudes 32°10’ and 34°10’N and longitudes 101°45’ and 103°25’E (Figure 7.1)  
102° 103°
34°00’
33°20’
32°40’
Wh
ite R
iver
Yellow River
Black River
Figure 7.1 Location of the RM core site in relation to the vegetation 
pattern in the Zoige Basin and the surrounding mountains. Also shown 
is the former extent of the ancient lake in the Zoige Baisn catchment
(heavy dashed line) and rivers (solid black lines). (Modified from 
Chen et al., 1999).  
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with an altitude of ca. 3350-3450 m. It is a tectonic basin controlled by WNW, NE, and 
NW faults. To the north, south, and east are mountains at elevations exceeding 4000 m 
a.s.l. In the present, the Zoige Basin is drained by the Yellow River (Huang He), which 
lies in the western part if the basin. However, a huge lake occupied the basin during much 
of the Pleistocene, until it was gradually drained about 30-40 kyr ago when the Yellow 
River cut through the mountain barrier to the east (Chen et al., 1999). Over 300 m of 
lacustrine sediments were deposited in the Zoige Basin during the Pleistocene.  
 The Zoige Basin experiences cold-dry winters and cool-humid summers. 
According to the climatological data of three stations, Maqu, Zoige, and Hongyuan, the 
mean annual temperature is 0.6-1.2°C, with lowest and highest monthly temperatures of -
10.9°C in January and 11°C in July, respectively. The annual mean precipitation (622-827 
mm) is controlled by the summer intrusion of the Southwest and Southeast Monsoons. 
About 90% of the annual precipitation is concentrated in the months of May to October 
(Editorial Board of Sichuan’s Vegetation, 1980).  
 The Zoige Basin is occupied mainly by sedge marsh dominated by Carex 
muliensis, and Kobresia humilis. Subalpine meadows occur on the hills and terraces 
within the basin and on flat slopes of mountains near the basin at 3400-3800 m a.s.l.  
They contain sedge communities dominated by Kobresia setchwanensis, as well as grass 
communities dominated by grasses such as Clinelymus nutans, Roegneria nutans, Poa 
partensis, and Festuca sinensis, together with some species of Compositae,  
Ranunculaceae and Leguminosae. Scatted forests composed of Picea asperata, P. 
wilsonii, P. purpurea, and Abies faxoniana grow on north-facing slopes of some hills at 
an upper elevation limit close to ca. 3400 m in this region. Alpine shrub-meadows cover 
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the mountains higher than 3800 m a.s.l. The principal components making up the alpine 
shrub-meadows are shrubs such as Rhododendron spp., Salix sclerophylla, Potentilla 
fruticosa, Caragana spp., Hippophae spp., and herbs like Kobresia pygmara, K. 
setchwanensis, Stipa calpillaceae, S. aliena, S. purpurea, Festuca ovila, F. rubra, 
Polygonum viviparum, P. sphaerostachyum, and Thalictrum spp. (Editorial Broad of 
Sichuan’s Vegetation, 1980).    
 A marked altitudinal vegetation zonation occurs in the mountains surrounding the 
Zoige Basin. In mountains south of the Zoige Basin, the zone of montane conifer-
hardwood mixed forest below 3000 m is dominated by Tsuga chinensis, Pinus densata, 
P. armandii, Betula platyphylla, Populus davidiana, Quercus liaotungensis, together with 
Pinus tabulaeformis, Quercus baronii, Tilia intonsa, Fraxinus chinensis, Acer davidii, 
and Hippophae sp. From 3000 m to 4000 m elevation, fir (Abies faxoniana, A. recurvata, 
A. squamata A. ernestii) and spruce (Picea purpurea, P. likiangensis, P. asperata) 
dominate the vegetation, mixed with Quercus spp. and Betula spp. Evergreen 
sclerophyllous oak forest (Quercus aquifolioides) is found on the south-facing slopes at 
the lower part of this zone (below 3800 m). The zone between 4000 m and 4400 m is 
occupied by alpine shrub-meadow. Alpine periglacial desert exists from 4400 m to 4600 
m elevation, which is composed of Saussurea medusa, S. laniceps, S. gnaphalodes, S. 
quercifolaia, S. obovallata, Androsace tapete, Eriophyton wallichii, Phyllophyton 
comlanatum, Rhodiola dumulosa, R. quadrifida, Corydalis trachycarpa, C. 
melanochlora, Fritillaris delavayi, and Logotis ramalana. The peaks above 4600 m are 
covered by ice and snow. Similar vegetation zones can be found on mountains to the 
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northeast of the Zoige Basin, although there their altitudinal limits are about 300 m lower 
(Institute of Expedition and Planning Ministry of Forestry, 1979).   
MATERIAL AND METHODS 
 RM, a 310.46 m long core, was drilled at 33°57’N and 102°21’E in the northern 
part of the Zoige Basin in the summer of 1993. Ninety percent of the cored interval was 
recovered, but the top 4.25 m of the core was missing because the loose sediment was 
disturbed during coring. This paper presents the results of pollen analysis for samples 
from the upper part (4.25-60 m) of the RM core.  
Samples were taken at 5 cm intervals from 4.25 m to 46.1 m and at 10 cm 
intervals from 46.1 m to 60 m. Among these, 217 samples at irregular intervals of 15 to 
40 cm were processed and counted for pollen.  Each sample contained 20 to 50 g of dried 
sediments depending on the expected pollen abundance. Sediments were treated with 
HCl, NaOH, HF, and heavy liquid flotation procedure. The weighing or aliquot method 
(Jφrgensen, 1967; Moore et al., 1991) was used to estimate the pollen concentrations, in 
which we obtained dry weights of original samples and counted all pollen grains and 
spores in the weighed subsamples. Grimm’s (1983) formula was used to adjust 
abnormally high pollen concentrations at a few levels. About 100-500 pollen grains were 
counted for most levels except for some levels having very low pollen concentrations. 
The mean pollen sum of all the samples slightly exceeds 200. Pollen percentages were 
calculated from a sum consisting of all pollen grains and spores. 
 Two palynological indicators are especially useful in reconstructing past climatic 
changes in the Zoige Basin ─ total pollen concentration values and the percentages of 
arboreal pollen (AP). It is estimated that the ancient lake had an area of about 6300 km2 
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(Bureau of Geology and Mineral Resources of Sichuan Province, 1991) and a catchment 
area of about 16,200 km2 (Chen et al., 1999) (Figure 7.1). Therefore, more than 90% of 
pollen into the ancient lake should have been transported by water (Peck, 1973; Bonny, 
1978) and originated from the regional vegetation (Prentice, 1985). In the RM core, 
variations in total pollen concentration values should primarily reflect changes in the 
density or pollen productivity of the vegetation, if they are not accompanied by 
corresponding changes in lithology or in sedimentation rate. Both vegetation density and 
pollen productivity are related to the precipitation. High precipitation should increase the 
vegetation cover and thus the pollen production in a region where moisture is a limiting 
factor. Moreover, high precipitation increases total pollen concentration values due to 
greater pollen input from surface run-off and streams (Peck, 1973; Bonny, 1978). So it is 
reasonable to use total pollen concentration as a proxy for the regional precipitation when 
the observed changes in sedimentation rate are of much smaller amplitude than the 
variations in the pollen concentration. On the other hand, in high alpine environments 
with distinct altitudinal vegetation gradients such as on the mountains surrounding the 
Zoige Basin, the density and elevational limits of forests are primarily controlled by air 
temperature. Higher temperature or a warmer climate would probably cause an expansion 
of tree populations at the expense of alpine meadows. Thus the percentages of arboreal 
pollen in the RM core can be used as a proxy for temperature.  
STRATIGRAPHY AND CHRONOLOGY 
 The sediments of the RM Core are mainly composed of silt, clay and fine sands. 
Several lithological units are recognized in the upper 60 m of the sediments. Between 60 
m and 43 m is an interval of dark brownish gray silt that consists of 60% silt (0.05-0.005 
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mm in size), 30% clay (<0.005 mm), and 10% of fine sand (>0.05 mm). Organic matter 
contents are low (ca. 0.4%). A layer of fine sand occurs at 48-46m within this interval. 
The unit at 43-20.2 m is composed predominantly of dark gray fine sand that contains less 
than 50% silt and clay, with intercalated layers of silty sand and silt. Thin peat layers and 
organic-rich layers also occur occasionally in this unit. From a depth of 20 m to 8.5 m, the 
sediment consists of gray silt (ca. 60%), fine sand (ca. 25%) and clay. Organic matter 
contents (0.5-1.0%) are somewhat higher here than in the previous units. The top part of 
the core, 8.5-4.25 m, is a unit dominated by fine sand, which accounts for 60-100% of 
sediment. This is a fluvial sediment (Wang et al., 1995). 
Three bulk samples from the RM core were dated by the conventional 14C-dating 
method (Table 1). Despite their relatively large error margin, the three finite dates (21 
600±1500, 33 140±2350, and >40 000 yr BP at 6.3, 8.24 and 12.45 m respectively) are 
stratigraphically consistent and comparable with 14C dates obtained from the nearby RH 
core and from the regional chronology (Chen et al., 1999).  Paleomagnetic measurements 
were made on oriented samples from the entire 310 m core (Hu et al., 1999). The 
Brunches/Matuyama boundary (780 ka BP) had been found to occur at a depth of 185.72 
m. A number of negative inclinations are observed in the upper 60 m. However, the 
origin of these negative inclinations is unclear because some age constraint is needed in 
order to judge whether they may represent one of the excursions reported in the Brunches  
Epoch (Hu et al., 1999).  Since megnetostratigraphy alone cannot provide an age scale for 
the upper 60 m of the RM core, we have constructed a depth-age model based on our 
pollen record by “tuning” the pollen-based climate history with the widely accepted ice-
core chronology of Guliya (Thompson et al., 1998) and the GISP2 (Dansgaard et al., 
1993). 
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   Table 1. Sediment ages used for the RM core 
Age control 
points 
Depth 
(m) 
Age 
(yr BP) 
Source 
1 6.30 21 600±1500 14C date 
2 8.24 33 140±2350 14C date 
3 13.6 41 500 correlation 
4 20.9 46 000 correlation 
5 22.4 49 000 correlation 
6 28.6 60 000 correlation 
7 31.0 74 000 correlation 
8 35.0 92 500 correlation 
9 37.3 110 000 correlation 
10 40.8 126 000 correlation 
11 47.0 147 000 correlation 
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 As mentioned above, total pollen concentration values can be used as a proxy for 
the regional precipitation in the Zoige Basin. The pollen concentration record of the RM 
core shows striking similarities with the Guliya δ 18O record, also a climatic proxy for the 
Southwest (Indian) summer monsoon (Figure 7.2). The pollen concentration record 
studied here have a lower resolution than the Guliya δ 18O record, but the peaks and 
valleys in the curve of total pollen concentrations can be correlated with those of the 
Guliya δ 18O record, so major climatic events in both records can be identified. We have 
thus obtained seven age control points (No. 3 - 9) by correlating between the RM pollen 
concentration and the Guliya δ 18O record.    
According to the contemporary vegetational zonation in the mountains around the 
Zoige Basin, forests occur at a lower elevation than meadows and periglacial desert. 
Percentages of arboreal pollen (AP) thus indicate temperature changes. Pollen spectra 
with higher AP percentages generally reflect higher temperature. The only exceptions are 
in those samples with very low pollen concentrations (suggesting very sparse vegetation 
cover) accompanied by relatively high percentages of Artemisia, Chenopodiaceae, and 
Compositae (the main components of desert); in these cases the arboreal pollen are 
probably derived from long-distance transport. The highest AP percentages in the whole 
core, which are supported by high pollen concentrations, occur at 43.1 to 39.2 m. Most  
remarkably, this interval contains prominent pollen peaks of Betula and Corylus ─ 
thermophilous hardwood taxa that occur principally on south-facing slopes and at the 
lower parts of the alpine forest zone today. In the RM pollen diagram, the maxima for 
these pollen taxa are confined to zones RM15 and RM1, the latter being the present 
interglacial. Therefore, we interpret pollen zone RM15 as indicating a warm interglacial 
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period corresponding to part of the last interglacial (MIS 5e). Accordingly, the cold and 
dry period at 53.5 to 43.1 m, suggested by extremely low pollen concentrations, high 
pollen percentage of desert components and the preponderance of long-distance 
transported arboreal pollen, must correspond to the penultimate glacial maximum. Since 
there is greater uncertainty in the Guliya chronology beyond 112 ka (Thompson et al., 
1998), we correlated the lower parts of the RM pollen record with the GISP2 δ 18O record 
to establish the dating control. Two other age control points (No. 10, 11) are recognized 
(Figure 7.2).   
 By using these nine age control points and the two 14C dates, we have established 
the time scale for the upper 60 m of the RM core (Figure7.3 and Table 1). Based on this 
time scale, the negative anomalies in magnetic inclinations (Hu et al., 1999) can be 
reasonably assigned to the excursions reported in the Brunhes Epoch (Figure7.4). The 
ages of these excursions are very close to those estimated by our depth-age model. While 
this procedure does not ensure the complete independence of our chronology, the 
fluctuation of climate shown by the pollen record is independent even though the time 
scale is tuned from the isotopic records of ice cores. 
The depth-age curve shows that the sedimentation rate did not change greatly, 
especially at the lower part from 60 to 30 m. Relatively high sedimentation rate from 30  
m to 8.3 m may reflect hydrological changes caused by the Yellow River cutting through 
the basin (Lehmkuhl and Haselein, 2000).  The sedimentation rate decreased significantly 
after 33 000 yr BP, corresponding to a change from lacustrine sediment to fluvial 
sediment as the ancient lake was disappearing. 
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     Figure 7.3 Depth-age model of RM core based on the    C dates and age 
control points derived from the correlation between the RM pollen 
record and isotopic records of ice cores.
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POLLEN RECORDS AND INTERPRETATIONS 
    The results of pollen analysis for the upper 60 m of RM core are shown in 
Figure 7.5. The pollen diagram is divided by visual inspection into 18 pollen zones on the 
basis of changes in pollen percentages and pollen concentrations.  
 Zone RM18 (60.0 - 53.5 m; ca. 190 000 to 169 000 yr BP). This zone shows 
consistently high percentages of Cyperaceae pollen (40-60%), relatively high percentages 
of Gramineae pollen (8-18%) and high pollen concentration values. Herbaceous taxa like 
Artemisia, Chenopodiaceae, Compositae, Ranunculaceae, Caryophyllaceae and 
Thalictrum are relatively common. Percentages of arboreal pollen including Pinus, Picea, 
Abies, Betula, and Quercus are less than 20%. The pollen assemblages of this zone 
represent the subalpine sedge meadow, widely found now on terraces within the basin and 
on gentle slopes of the surrounding mountains at 3400-3800 m, indicating a climatic 
condition colder and wetter than that of the present. 
 Zone RM17 (53.5 – 50.0 m; ca. 169 000 to 157 000 yr BP). A marked drop in 
pollen concentration, a decrease in Cyperaceae pollen, and a gradual increase in arboreal 
pollen and Chenopodiaceae pollen characterize zone RM17. This zone shows a much 
more open and sparse vegetational cover than Zone RM18, indicating a colder and drier 
period of alpine meadow development.  
Zone RM16 (50.0 - 43.1 m; ca. 157 000 to 134 000 yr BP). Pollen concentration is very 
low (60 grains/g), even absent in two levels, indicating an extremely open landscape with 
sparse vegetation. This zone is dominated by arboreal pollen, especially Pinus pollen 
(>20%), which is probably attributable to long-distance transport. Herbaceous taxa, 
especially Chenopodiaceae, Cyperaceae, Gramineae, Compositae and Artemisia, are  
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relatively common. If the arboreal pollen is excluded from the pollen sum, percentages of 
Chenopodiaceae, Artemisia and Compositae will be close to 50%. Alpine periglacial 
desert probably existed under very harsh periglacial condition during this period. 
 Zone RM15 (43.1 - 39.4 m; ca. 134 000 to 120 000 yr BP). This zone, 
corresponding to the last interglacial, is characterized by the highest percentages of 
arboreal pollen (40-90%) in the core, accompanied by high pollen concentrations. Picea 
and Abies pollen occur in prominent peaks in this zone. Pinus, Betula and Quercus pollen 
are relatively abundant in the lower part, and Corylus pollen also attains maximum 
abundance in the upper part of this zone. The herbaceous pollen is dominated by 
Cyperaceae and Gramineae. This zone clearly represents a major expansion of subalpine 
spruce-fir forest, which was also mixed with abundant themophilous hardwoods such as 
birch, oak, and hazel, under a climate warmer and wetter than that of today. 
Zone RM14 (39.4 – 37.6 m, ca. 120 000 to 111 000 yr BP). This zone is 
characterized by a decrease in arboreal pollen and a marked increase in Cyperaceae 
pollen. Pollen concentrations are high at the lower part of this zone but decrease non-
linearly upward. In this period, the studied region was dominated by subalpine sedge 
meadow under climatic conditions with high precipitation but lower temperature.    
Zone RM13 (37.6 - 33.5 m, ca. 111 000 to 86 000 yr BP). Arboreal pollen, such as 
Picea, Abies, Pinus, Betula and Quercus, is much less than in zone RM15, although 
percentages of Picea in some levels reach more than 20%. Cyperaceae pollen is 
prominent, accounting for 32.7-67.9% of total pollen. Pollen of Gramineae and 
Ranunculaceae increases slightly. Pollen concentrations vary a lot among different levels, 
with averages of 580 grains/g. This zone suggests that subalpine sedge meadow and 
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spruce-fir forest were the major vegetation types in this period and they expanded and 
contracted alternately as the climatic condition fluctuated.     
 Zone RM12 (33.5 - 30.5 m, ca. 86 000 to 71 000 yr BP). In Zone RM12, pollen of 
Picea increases to form another strong peak with a maximum of 36.7%. Pollen of Abies is 
more abundant than in zone RM13. Cyperaceae remains prominent, and Gramineae and 
Ranunculaceae are still common. Pollen concentrations are high, reaching 860 grains/g on 
average. This zone represents another period of major spruce-fir forest expansion under 
warm and humid climatic conditions.    
 Zone RM11 (30.5 - 28.5 m; ca. 71 000 to 60 000 yr BP). Apparent at first in this 
zone is a sharp drop in pollen concentrations. Reduction and ultimate elimination of 
Picea and Abies is accompanied by the dominance of Cyperaceae. The frequencies of 
Compositae and Gramineae increase distinctly. This zone marks the disappearance of 
forest and its replacement by alpine meadow. Temperature and rainfall decreased 
significantly during this period compared with the last.   
 Zone RM10 (28.5 - 27.0 m; ca. 60 000 to 57 000 yr BP). This zone shows an 
increase in pollen concentrations and the frequencies of arboreal pollen, and a decline in 
the frequencies of herbaceous pollen like Cyperaceae, Gramineae and Compositae. The 
pollen spectra indicate that the landscape consisted of mosaics of subalpine spruce-fir 
forest and sedge meadow under ameliorated climatic conditions. 
 Zone RM9 (27.0 - 25.2 m; ca 57 000 to 54 000 yr BP). The assemblage is 
reminiscent of Zone RM11 as reflected by very low frequencies of Picea and Abies. 
Pollen concentration (600 grains/g), nevertheless, is much higher than in Zone RM11. 
Sedge meadow expanded and occupied most areas where spruce-fir forest had grown 
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during the preceding period. The climatic condition probably was close to those in the 
period of pollen zone RM11 although the precipitation was probably somewhat higher.  
 Zone RM8 (25.2 - 22.5 m; ca. 54 000 to 49 000 yr BP). Small peaks of Abies, 
Picea, and Pinus occur, with a relatively high pollen concentration (370 grains/g). Pollen 
percentages of Cyperaceae remain high in this zone. The pollen assemblages of this zone 
represent a retreat of subalpine sedge meadow and an expansion of spruce-fir forest under 
climatic conditions similar to that of today. 
 Zone RM7 (22.5 - 20.2 m; ca. 49 000 to 46 000 yr BP). Pollen percentages of 
Abies, Picea, and Pinus are lower than in Zone RM8, but the frequencies of Gramineae, 
Compositae and Cyperaceae increase. Pollen concentration is low, less than 100 grains/g 
for most samples. The landscape may have been a mosaic of forest and sedge-grass 
meadow, probably indicating a cooler and drier climate relative to the above zone. 
  Zone RM6 (20.2 - 16.5 m; ca. 46 000 to 43 000 yr BP). This zone is most 
distinctly characterized by the dominance of Cyperaceae, less arboreal pollen, and a rise 
in pollen concentration. Gramineae, Compositae and Ranunculaceae are common 
herbaceous taxa. The pollen assemblages of this zone show an expansion of alpine sedge 
meadow in regional vegetation.  
 Zone RM5 (16.5 - 12.0 m; ca. 43 000 to 39, 000 yr BP). Zone RM5 is marked by a 
sharp drop in the pollen percentages of Cyperaceae to less than 10%. The assemblages are 
dominated by Picea, together with Pinus, Abies, Quercus, Gramineae, and 
Ranunculaceae. Pollen percentages of Gramineae steadily increase to 28.2%, and 
Gramineae becomes the dominant herbaceous taxon replacing Cyperaceae. Pollen 
concentrations, however, fall to an average of 150 grains/g and less than 100 grains/g at 
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the upper part of the zone. The pollen spectra suggest that subalpine spruce-fir forest and 
sedge-grass meadow probably grew on the mountains and open land around the ancient 
lake under high rainfall and temperature levels exceeding those of today. The fall in 
pollen concentration is probably attributable to high sedimentation rate, as indicated in 
Figure 3, rather than a great decrease in precipitation. However, the precipitation probably 
decreased during the later part of this period. 
 Zone RM4 (12.0 - 8.1 m, ca. 39 000 to 32 000 yr BP). Pollen concentrations show 
a marked rise. The pollen spectra are dominated by Gramineae (9-33%) and Cyperaceae 
(2.4-21.5%). Pollen of Picea declines, but pollen of Artemisia, Chenopodiaceae and 
Compositae increases slightly. The pollen assemblages of this zone indicate that grass 
meadow dominated the open land, replacing the sedge meadow, while subalpine spruce-
fir forest retreated. These suggest a drop in temperature and a rise in precipitation.  
 Zone RM3 (8.1 - 5.6 m; ca. 32 000 to 18 000 yr BP). The dominants of 
herbaceous taxa are Gramineae (7.6-35.6%), Cyperaceae (4.8-16.8%), Compositae (2.0-
11.5%), Artemisia (0-9.6%) and Chenopodiaceae (0-19.2%). Very low pollen 
concentrations and uniformly high percentages of Pinus and Picea indicate that the local 
vegetation was very sparse and the arboreal pollen may have come from remote sources. 
The high percentages of Chenopodiaceae, Artemisia, and Compositae pollen reflect an 
alpine periglacial desert under very cold and dry conditions corresponding to the last 
glacial maximum. 
 Zone RM2 (5.6 - 5.1 m; ca. 18 000 to 15 000 yr BP). The pollen of Pinus and 
Betula increases, while the pollen of Gramineae, Compositae and Chenopodiaceae 
decreases. Pollen concentrations rise. Subalpine spruce-fir forest once again reappeared 
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and birch forest may have existed on the south-facing slopes. Grass-sedge meadow grew 
on the open land. These data suggest a sharp rise in temperature and rainfall. 
 Zone RM1 (5.1 - 4.25 m; ca. 15 000 to 7 000 yr BP). This zone is distinguished 
from Zone RM2 by higher pollen concentrations, and higher percentages of arboreal 
pollen (45.4-73.5%). The pollen percentages of Picea and Abies increase slightly, and the 
pollen frequencies of broadleaved hardwood trees and shrubs such as Betula, Quercus, 
Corylus, Hippophae, and Rosaceae reach maximum values in this zone. The pollen 
spectra show a major expansion of forests and a retreat of alpine meadows, reflecting 
high temperature and precipitation levels equal to or exceeding those of today.  
DISCUSSION 
Vegetation and Climate in the penultimate and last glacial maxima 
During the penultimate and last glacial maxima (PGM and LGM), the region of 
the Zoige Basin was occupied by desert and/or periglacial desert. The climatic condition 
during the early part of the PGM  (pollen zone RM 17) was similar to that in the LGM 
(pollen zone RM3), but more harsh during the later part of PGM (pollen zone RM16) 
than that in LGM. All three zones (RM 17, 16, 3) are characterized by very low pollen 
concentrations and high pollen percentages of desert components. However, high 
percentages of arboreal pollen (over 50%), especially Pinus, in zone RM 16, coupled with 
very low total pollen concentrations, suggest that most of the arboreal pollen are derived 
from long-distance transport, implying that the regional vegetation was much more sparse 
in this period than in the other two phases. This conclusion is consistent with glacial 
geologic data. The area of ice cover during the penultimate glaciation was found to be 
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45% larger than that during the last glaciation in the Gourushan Mountain 150 km west of 
the Zoige Basin (Shi et al., 1998).  
Questions concerning the timing, extent, and character of Quaternary glaciation in 
the Tibetan Plateau are of vital importance to the global climate reconstruction and 
modeling (Manabe and Broccoli, 1985; COHMAP member, 1988; Bush, 2000). Kuhle 
(1988, 1998) postulated that the Tibetan Plateau was covered by a continental ice sheet 
during the last (Wisconsin – Würm) glacial maximum. His postulated existence of a 
large-scale Tibetan ice sheet has been criticized and challenged on geomorphological, 
geological, and glaciological grounds (e.g. Derbyshire et al., 1991; Shi et al., 1990; 
Lehmkuhl, 1998). Our pollen evidence from the RM core shows more sparse vegetation 
and colder and drier climate during the penultimate glaciation than during the last 
glaciation. Our data thus support the contention by some Chinese scientists (Shi et al., 
1990; Zhou and Li, 1998) that glaciation on the Tibetean Plateau (including even the 
possibility of a small ice sheet near the source area of the Yellow River) was more 
extensive during the penultimate glaciation than during the last glaciation.  
The Long Interglacial-Glacial Transition 
 The Zoige Basin experienced the warmest climatic condition during RM 15  
(corresponding to the last interglacial) when spruce-fir forest widely grew along the 
shores of the ancient lake and in the surrounding mountains. Mixed conifer- hardwood 
forest or even broadleaved hardwood forests consisting of Betula and Corylus may have 
occurred in the early and late stages of this period.   Both temperature and precipitation 
were probably higher than that of today. The pollen data also show a relatively stable 
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climate within the last interglacial, similar to the reconstruction based on Chinese loess 
records (Chen et al., 1999).  
During RM 14 - 13 (120 ka to 86 ka), spruce-fir forest and sedge meadow 
alternately expanded and contracted, suggesting frequent fluctuations of climate. The 
temperature was lower in this period than the last interglacial, with a distinct cold phase 
between 120 and 111 ka (RM 14). However, the precipitation during 120 - 111 ka was 
higher than that in other phases. Two low pollen concentration valleys located around 108 
ka and 92 ka probably indicate two weaker summer monsoon phases during this period. 
High percentages of arboreal pollen and high pollen concentration in RM 12 (ca. 86 – 71 
ka) suggest that the climate during this period was nearly as warm and humid as the last 
interglacial. During this period, spruce-fir forest dominated this region. The pattern of 
climatic change during 120 – 71 ka reflected in our pollen record is consistent with the 
climatic stability documented from the proxy records of the Guliya ice core (Thompson et 
al. 1997), Chinese loess (Chen et al., 1999) and the GISP2 ice core (Dansgaard et al., 
1993), suggesting that our lacustrine pollen data may contain a record of global climatic 
teleconnnections. 
Low temperature and low precipitation existed during 71 to 60 ka (pollen zone 
RM 11). Alpine sedge meadow dominated the landscape during this period. The period 
from 60 to 32 ka (pollen zones RM 10 - 4) is punctuated by a sequence of stadial and 
interstadial events. The precipitation has shown a non-linear decrease since 60 ka 
suggested by a decline in pollen concentration, as well as a gradual increase in the pollen 
percentages of Chenopodiaceae, Artemisia, and Compositae (Figure 7.2).  
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It is also worth noting in our pollen record that several short cold events with very 
low AP percentages occurred during the last 80 ka. The timing of these events seems 
close to that of the Heinrich events. These events were also recorded in the grain-size 
time series from the Loess Plateau (Porter and An, 1995), implying that the Heinrich 
events may have left their signature not only in the Chinese loess record, but also in the 
pollen record of the Tibetan Plateau. 
Correlation with δ 18O Record of Ice Cores and Marine Monsoon Proxy Record 
 Recent studies based on marine and terrestrial proxy records from the Arabian 
Sea and adjacent lands have shown that the Tibetan Plateau acts as a vital linkage 
between radiation forcing, glacial boundary conditions in the North Atlantic region, and 
strength of the Southwest Asian monsoon (Clement et al., 1991; Sirocko et al., 1993; 
Overpeck et al., 1996).  Overpeck et al. (1996) hypothesized that during deglacial times, 
abrupt warming in the North Atlantic may have led to increased warming in the Tibetan 
Plateau, resulting in reduced snow cover in the spring and summer.  The lowered albedo 
in turn led to an intensification of the low pressure system over the Tibetan Plateau and a 
steeper land-sea pressure gradient, thus resulting in a stronger summer monsoon.  Our 
glacial- interglacial pollen record from the Zoige Basin provides the vital data to test this 
hypothesis.   
In Figure 7.6 we plot the key pollen curves from the RM core alongside the 
oxygen-isotopic curves from the Guliya ice core (Thompson et al., 1998), the GISP2 ice 
core (Dansgaard et al., 1993), and the summer monsoon stack from the Arabian Sea 
(Clemens, this issue). Comparison between the RM pollen concentration curve, which 
mainly reflects precipitation changes in the Zoige Basin, and the Guliya δ 18O record, 
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which is a climatic proxy for the Southwest (Indian) summer monsoon, reveals striking 
similarities in the first order, especially for the interval between 110 and 60 ka. Notably, 
prominent peaks associated with MIS 5e, 5c and 5a, as well as sharp declines making 
their terminations, are evident in both the RM pollen and Guliya δ 18O curves. The 
minima within MIS 5d, 5b, and MIS 4, as well as the frequent fluctuations within MIS 3, 
are equally distinct in both curves (Figure7.6). The agreements between the two curves 
are not unexpected since our age model is tuned from the Guliya δ 18O record. However, 
the similarities in details, e.g. variations of MIS 5b and MIS 4, seem to further support 
our age model. The parallelism between the two records becomes less distinctive after ca. 
60 ka, mainly because there is a long-term decline in pollen concentrations in the RM 
core and the amplitude of variations has become much lower. The loss of sensitivity in 
the pollen concentration curves is due to a significant increase in sedimentation rate in the 
Zoige Basin caused by the increasing fluvial influence of the Yellow River. Nevertheless, 
even in the uppermost 8.5 m of the RM core, where the sediment is alluvial sand, the 
pollen minimum in MIS 2 and its subsequent rise in MIS 1 are still broadly parallel to the 
trend exhibited in the Guliya record. The similarity between the RM pollen record and the 
Guliya δ 18O record implies that the climate changes in the Zoige region primarily reflect 
the influence of the Southwest summer monsoon. Moreover, similarities between the RM  
pollen concentrations and the monsoon stack in the Arabian Sea also exist (Figure 7.6), 
which seems to further support this conclusion. Discrepancies in the timing and 
amplitudes between the two curves do exist; for example, the 5a peak seems to occur 
earlier in the RM pollen record than in the Arabian Sea. However, these discrepancies do 
not seem to obscure the general trends of the major variations. In addition, the generally 
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good match between the AP percentage curve of the RM core and the monsoon stack 
curve of the Arabian Sea suggests a link between Tibetan temperature and summer 
monsoon strength. High summer temperatures and the resultant strong low pressure 
system in the Tibetan Plateau is a main factor maintaining a strong summer monsoon in 
the Arabian Sea, as demonstrated by modern meteorological data (Webster et al., 1998). 
Striking similarities are also evident between the RM arboreal pollen curve and 
the δ 18O curve from the GISP2 ice core (Dansgaard et al., 1993). Prior to MIS 5e, the 
two records cannot be directly compared because the AP% at RM is distorted by exotic 
pollen input due to extremely low local pollen production. However, after ca. 130 ka, 
both curves exhibit prominent peaks during MIS 5e, followed by oscillating declines 
during MIS 5d through 5a, major millennial-scale fluctuations during MIS 4 and 3, low 
values during MIS 2, and a resurgence in MIS 1 (Figure 7.6). Remarkably, the glacial 
climatic instability reflected in the Oscheger/Dansggard cycles and Heinrich events in the 
GISP2 core during the last 130 ka also seems to be registered in the pollen fluctuations in 
the RM core, even though its timing appears to be somewhat offset.  The general 
parallelism between the RM AP% curve and the GISP2 δ 18O record suggests that 
climatic changes in the eastern Tibetan Plateau and the North Atlantic region were linked, 
as Overpeck et al. (1996) have postulated. 
CONCLUSIONS 
1. Pollen record from the upper 60 m of the RM core, the longest continuous pollen 
record from the Tibetan Plateau, provides evidence of vegetation and climate changes 
during the last two glacial/interglacial cycles. Subalpine spruce-fir forests were present in 
the Zoige Basin during interglacial and interstadial times, suggesting that relatively warm 
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and wet climatic conditions prevailed in these periods.  Alpine periglacial desert and/or 
dry desert existed under cold and dry climatic conditions during the glacial maxima. 
2. The vegetation was much more sparse during the penultimate glacial maximum 
than during the last glacial maximum, indicating a colder and drier climate and possibly 
more extensive glaciation in the northeastern Tibetan Plateau during the former period. 
3. Major climatic trends and events during the long transition between the last 
interglacial and the last glaciation inferred from our pollen record are consistent with 
those recorded in the Chinese Loess Plateau, the Greenland and Guliya ice cores, and 
marine sediments in the Arabian Sea and the North Atlantic, suggesting that the Tibetan 
Plateau acts as an important link between the climatic variations in the North Atlantic 
region and the changing strengths of the Asian Southwest monsoon. 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
253
CHAPTER 8 
CONCLUSIONS: MILLENNIAL-SCALE VARIATIONS AND CENTENNIAL-
SCALE CLIMATE EVENTS IN THE TIBETAN PLATEAU 
 
INTRODUCTION 
Although work to date has revealed many strong hints of century-scale 
variability in the SW Asian monsoon (Sirocko et al., 1993; Overpeck, et al., 1996; Gasse 
et al., 1991; Morrill, 2002; Maxwell and Liu, 2002), there has been no systematic study 
of this variability. None of the published terrestrial records from the SW monsoon 
domain, especially from Tibet, provides a well-dated continuous record of century-scale 
monsoon variability during the Holocene. Given the dominant role of Milankovitch 
forcing, it would be expected that the SW Monsoon simply strengthened in the last 
glacial/interglacial transition and Holocene, and weakened gradually during the mid-late 
Holocene following variation of the summertime insolation. However, our records (e.g. 
Co Qongjiamong, Ahung Co, Co Ngion, Xuguo Co, and Ren Co) show that a general 
strengthening or weakening of the SW Monsoon over the last glacial/interglacial 
transition and Holocene is not gradual or monotonic, but in a stepwise function. Several 
major transitions and a series of abrupt century-scale monsoon weakening events (MWE) 
are superimposed on a longer-term and more gradual orbitally-forced pattern of change. 
Therefore, the simple hypothesis that monsoon strengthened or weakened gradually and 
in synch with insolation over the last glacial/interglacial transition and Holocene must be 
modified to accommodate additional sources of monsoon variability. This chapter 
summarizes the millennial-scale variations and centennial-scale monsoon weakening 
events revealed by our pollen records, and compares them with other records from 
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monsoon regions to elucidate the pattern and pacing of monsoon events and possible 
forcing for these events. 
MILLENNIAL-SCALE VARIATIONS IN MONSOONAL CLIMATE 
 
 The response of the SW Monsoon and rainfall over the last glacial/interglacial 
transition in the Tibetan Plateau to Milankovitch forcing has not been entirely linear. 
Summer insolation increased steadily to a peak around 12,000 years ago, but the 
monsoon stayed relatively weak in the Plateau until after ca. 11,000 years ago, as 
suggested by pollen records and reconstructed mean annual precipitation (MAP) from Co 
Qongjiamong and Ren Co (Figure 8.1). Meanwhile, the weakening of the SW monsoon 
after the mid-Holocene is also not gradual or monotonic, as shown by our pollen records 
(Figures 8.1 and 8.2). 
 The SW monsoon between 14000 and 11000 cal. yr BP stayed weak, although 
summer temperature fluctuated over this time. The marked drop in July temperature 
during 12 800 –11 500 cal. yr BP, the Younger Dryas chron, may indicate that the 
Younger Dry cold event left its signature in the Tibetan Plateau. After the Younger Dryas 
event, the temperature did not rise abruptly but remained lower for about 500 years, 
which was likely a result of glacial boundary conditions (e.g. glacial ice caps in the 
Tibetan Plateau). The SW monsoon strength and summer temperature started to increase 
distinctly 11 000 cal. yr BP. However, the monsoon did not increase monotonically. 
Instead, the monsoon appears to have intensified abruptly in three steps to reach its 
maximum. The first transition from weak to strong monsoon (WST1, denoting weak-
strong transition #1) occurred at 11 000-10 500 cal. yr BP, shortly after the June 
insolation maximum at 11 300 cal. yr BP (Figure 8.3). During the WST1, the 
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reconstructed MAP for Co Qongjiamong and Ren Co increased from the typical late-
glacial value of ca. 420 mm to about 470 mm, which is similar to the modern value  
(460 mm). The WST2 started at 10 000 cal. yr BP, close to the timing of the July 
insolation maximum at 9800 cal. yr BP. In this transition, the precipitation increased by 
30-50 mm to a level slightly exceeding the present level. The WST3, indicated by an 
abrupt increase in precipitation by 80-100 mm in precipitation over several hundreds of 
years, started at 8000 cal. yr BP and was in phase with the timing of the August 
insolation maximum. The WST3 marked the onset of a 1200-yr period of monsoon 
rainfall maximum, when the MAP is 80-150 mm higher than the present level. This 
period ended abruptly at 6800 cal. yr BP, about 600-yr earlier than the timing of 
September insolation maximum. It is evident that the monsoon rainfall maximum lagged 
the peak June insolation by about 3000 cal. years, consistent with that suggested by 
Overpeak et al. (1996). This lagged response and the stepwise increase in monsoon 
strength are also reflected in the paleomonsoon records across most of eastern Africa, the 
Arabian Sea and southern Asia, Tibetan Plateau, and western China (Lister et al., 1991; 
Jarvis, 1993; Gasse and van Campo, 1994; Overpeck et al., 1996; Hoddel et al., 1999; 
Morrill et al., 2002). Overpeck et al. (1996) highlighted how the response of the SW 
Monsoon lagged insolation forcing over the last deglaciation, and how this lag was likely 
a result of glacial boundary conditions (i.e., sea-surface temperatures and glacial ice 
sheets as far away as the North Atlantic and Europe) retarding the ability of the Tibetan  
Plateau to warm in synch with the gradual increase in summertime insolation resulting 
from subtle changes in the earth’s orbit. The transitions from weak to strong monsoon in 
our records seem to indicate that the monsoon climate system may have jumped from one  
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mode of operation to another in the early and middle Holocene. The timing of the three 
transitions is roughly in phase with the isolation maxima for June, July and August, 
which may imply that the isolation maxima are what the monsoon system takes to trigger 
mode switches, probably due to a threshold effect.    
 The monsoon maximum was followed by an abrupt transition from strong to weak 
monsoon (SWT1, denoting strong-weak transition #1) at 6800 cal. yr BP, as suggested by 
our pollen records from four lakes in southern and central Tibetan Plateau (Figures 1 and 
2). The reconstructed MAP for Co Qongjiamong and Ren Co indicates that the magnitude 
of decrease may be as much as 80-100 mm, and the monsoon rainfall proxy data from 
Ahung Co and Xuguo Co also show an abrupt and dramatic drop during the SWT1. After 
this transition, the monsoon intensity decreased to the level similar to that before the 
monsoon maximum, though it was still stronger than the present level. The monsoon 
system would have switched from the mode of the monsoon maximum to another in this 
transition. An equally abrupt switch has been found in the tropical Pacific El Niño-
Southern Oscillation (ENSO) record (Figure 8.3), which shows that ENSO events 
became more frequent after this transition. This transition may still be attributed to the 
insolation variation, since its timing coincides with the end of the summer insolation 
peak. The SWT2 started ca. 3100 cal. yr BP. During this transition, the monsoon rainfall 
decreased to the present level or even lower. The modern monsoon system was probably 
established at 2100 cal. yr BP, after that transition. The fact that the highest frequency of  
ENSO events occurred over the last 2000 years (Moy et al., 2002) may also reflect a 
similar mode jump to the modern one. The historical data of rainfall in Nepal show a 
strong correlation between ENSO and monsoon strength in Nepal (Shrestha et al., 2000). 
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Therefore, the correlation between long-term monsoon and ENSO records probably 
implies that there is a link between the ENSO and monsoon records at the millennial 
timescales. 
CENTENNIAL-SCALE EVENTS IN MONSOONAL CLIMATE 
Although the monsoon events can be inferred qualitatively from the changes in 
pollen records and other proxy data (e.g. Figures 8.2b and 8.2c), quantitative 
paleoclimate reconstructions derived from pollen data provide greater insight into the 
monsoon changes (e.g. Figures 8.1a, 8.1b, and 8.2a).  The pollen records and 
reconstructed paleoclimate changes show that the monsoon strength decreased during the 
mid- to late-Holocene following the decline of seasonal insolation. Superimposed on this 
long-term decline area series of century-scale monsoon weakening events (MWE). 
Similarly, reversals in monsoon rainfall also occurred during the monsoon strengthening 
period over the early Holocene. These events exhibit a distinct duration on century 
timescales and pacing on millennial scales. There are ten monsoon weakening events, 
occurring at about 1100, 2100, 3000, 4500, 5800, 6500, 7700, 8200, 9200 and  
10 100 cal. yr BP.  
 The first event (MWE10, at 10 100 cal. yr BP) is only found in the pollen record 
of Co Qongjiamong. Lack of this event in pollen record of Ren Co is probably due to the 
coarse sampling interval. The evidences for MWE 7-9 (9200, 8200, 7700 cal. yr BP) 
include the increase of meadow and steppe components replacing trees and reconstructed 
MAP in both Co Qongjiamong and Ren Co, and changes in monsoon rainfall, moisture, 
vegetation, and lake level inferred from pollen data, geochemical data, and sediments of 
Ahung Co and Xuguo Co. Although the magnitudes of precipitation changes derived 
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from the Co Qongjiamong and Ren Co pollen records are not consistent, and there are no 
quantitative estimates of MAP for the other two lakes (Ahung Co and Xuguo Co), they 
are clearly correlative among these four separated sites. MWE 6 (ca. 6500 cal. yr BP) is a 
distinct major event, in which the magnitude of decrease in reconstructed precipitation 
and July temperature from Co Qongjiamong and Ren Co reaches as much as 100 mm and 
1.5oC comparing to its preceding phases, as indicated by a dramatic drop in tree pollen. 
This event is also reflected very well by pollen records from Ahung Co and Xuguo Co, 
e.g. the dramatic decline in Pediastrum influx in the former, marked increase in pollen 
frequencies of desert elements in the latter, and the distinct decrease in total pollen influx 
in both lakes. During MWE 5 (5800 cal. yr BP), reconstructed MAP decreased by 60 mm 
in Co Qongjiamong and Ren Co in southern Tibet, and was about 40 mm less than that of 
today for Co Ngion in central Tibet. A peat layer deposited at the end of this event in Co 
Ngion indicates that the lake was very shallow at that time. The thickest Potamogeton 
layer and lowest Pediastrum influx found in Ahung Co also reflect the very shallow lake 
environment. This event is also suggested by a small peak of desert elements and the 
lowest G/A ratio in Xuguo Co.  After this event, five sites experienced a relatively moist 
period with stronger monsoon than today. MWE 4 (4500 cal. yr BP) is another major 
event. The strongest evidence for this event comes from Co Ngion and Ren Co. Tree 
pollen was replaced by steppe components such as Artemisia and Gramineae in Ren Co, 
whereas the steppe components dominated the pollen spectra from Co Ngion. Lower 
precipitation and higher July temperature than the present during this event probably 
caused an extreme drought in Tibet. Co Ngion, the biggest lake among them, almost 
dried out, as suggested by a peat layer deposited at the end of this event. The sediment 
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sequences and radiocarbon dates from Ren Co indicate that the lake probably desiccated 
during this event and was no longer perennial afterwards. This event is also evident in 
pollen records and other proxy data in the other three lakes. MWE 3 occurred at 3000 cal. 
yr BP within SWT2. This event can be found in the pollen records from Co Qongjiamong 
and Co Ngion. It also left its signature in Ahung Co, as indicated by biological and 
geochemeical proxy data. Another two monsoon weakening events happened at 2100 and 
1100 cal. yr BP, when the precipitation was less than that of today in both Co 
Qongjiameng and Co Ngion. Although MAP was less than the preceding events in Co 
Qongjiameng, this event did not cause an extreme drought as MWE 4 and 5 did, which 
may be attributed to the drop in July temperature. However, no lake sediments are 
preserved after MWE2 in Ahung Co, implying that the lake was no longer perennial after 
MWE2 until recent centuries when monsoon became stronger as shown by reconstructed 
MAP of Co Ngion and also suggested by the marine record from the Arabian Sea 
(Anderson et al., 2002). 
 Although the magnitude of changes in monsoon rainfall among the five sites is 
not uniform, age differences of these events among them are within the 2σ calendar age  
error, hence, these events are synchronous and regional extent, rather than of local origin.   
Moreover, they were also documented in some well-dated records in the Asian monsoon 
region (Figure 8.4). Therefore, they seem continental or even extra-continental. The first 
recessional event at Sumxi Co around 8000-7700 14C yr BP broadly coincides with our 
MWE 7, which might also be observed in lake records from Africa (Gasse, 2000) and 
Xingyun Hu in southwest China (Hoddel et al., 1999). In western Tibet, the hints of 
MWE 4-6 occur in the multi-proxy data of Sumxi Co (Gasse et al., 1991; van Camp and 
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Gasse, 1993). MWE 6 probably caused the end of summer monsoon influence in this 
area. MWE 6 is also the marker event of the end of the Holocene monsoon maximum 
recorded in the Dunde ice core at the northeastern margin of the Tibetan Plateau 
(Thompson et al., 1989), and documented in loess records in central China (An et al., 
1993). MWE 5 and 4 are two driest phases for the entire Holocene in Sumxi Co. In 
northwestern India, that Lake Lunkaransar (Enzel et al., 1999) and Lake Didwana (Singh 
et al., 1990) completely desiccated around 4800 14C yr BP and 4000 14C yr BP 
respectively could have been attributed to MWE 5 and 4.  MWE 4 also caused the 
establishment of modern climatic regime in western Sichuan (Jarvis, 1993) and Qinghai 
Lake (Lister et al., 1991) in eastern Tibetan Plateau. This event is probably the most 
widespread event during the Holocene in monsoonal regions (Morrill, 2002; Thompson et 
al., 2002). MWE 3, 2 and 1 can also be found in the monsoon proxy records from Sumxi 
Co, Selin Co (Wei and Gasse, 1999), Qinghai Lake (Lister et al., 1991), and the Dunde 
ice cap (Liu et al., 1998). 
PACING OF CENTENNIAL-SCALE MONSOON EVENTS  
 Spectral analysis of reconstructed MAP for Co Qongjiamong was done using the 
Spectrum program for unevenly sampled data sets (Schulz and Stattegger, 1997). It is 
evident that the MAP contains cyclical components (Figure 8.5), and has statistically  
significant (at the 90% confidence level) cycles at 830-900 years and 450-480 years. The 
cycles are longer than the millennial scale periodicities reported from the Arabian Sea 
(~700 years, Sarkar et al., 2000), South China Sea (~775 years, Wang et al., 1999) and 
shorter than the North Atlantic (1470±500 years, Bond et al., 1997). 
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MECHANISMS CAUSING CENTENNIAL-SCALE MONSOON EVENTS 
The mechanisms that caused these abrupt century-scale events must be variations in 
external forcing or internal fluctuations either within the monsoon system or in a 
remote system. The internal fluctuations could be low temperature anomalies in the North 
Atlantic, the state of ENSO, or albedo changes in Asia (Overpeck et al., 1996; Morrill, 
2002). Albedo changes was speculated to be related to century-scale monsoon events 
(Sirocko et al., 1993; Claussen; 1999). However, most of these events are extra-
continental, so regional land-atmosphere interactions may not have been the primary or 
sole driver of these events. Morrill (2002) hypothesized that non-linear feedbacks in 
tropical Pacific El Niño-Southern Oscillation (ENSO) system may have played an 
important role in centennial-scale monsoon event. As shown in Figure 8.3, the abrupt 
monsoon weakening events appear to coincide with episodes with less frequent ENSO 
events. However, less frequent ENSO events are also recorded in the Holocene monsoon 
maximum and other periods with relatively strong monsoon, implying the existence of 
more complex relationship between ENSO and monsoon strength as mentioned above 
and suggested by Webster et al. (1998). The abrupt monsoon events in our records appear 
to correlate well with a similar series of abrupt cool episodes in the North Atlantic (Bond 
et al., 2001), and changes in solar activity (Stuiver et al., 1993; Beer et al., 2000) (Figure 
8.3). For example, MWE 1, 3, 4, 5, 8, and 10 broadly coincide with the cooling events 1-
5 and 7, respectively, which are in phase with solar variability. This fact seems to support 
a hypothesized Atlantic-monsoon linkage (Overpeck et al., 1996), and also a 
hypothesized influence of the sun as the ultimate trigger for the centennial- to decadal-
scale changes in monsoon intensity (Nuff et al., 2001) and observed series of abrupt 
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climate events (Bond et al., 2002). Keeling and Whorf (2000) presented oceanic tidal 
cycle as a possible cause of rapid climate change responsible for cooling events in the 
North Atlantic and droughts in Midwest United States. They proposed that strong tidal 
forcing causes cooling at the sea surface by increasing vertical mixing in the ocean. The 
peaks of strong global tidal forcing during the Holocene are concentrated at 11.2, 9.6, 7.7, 
5.9, 4.2, 2.4 and 0.6 cal. kyr BP. Some of them are broadly coincident with our MWE 7, 
5, 4 and 2 at 7.7, 5.8, 4.5, and 2.1 cal. kyr BP, respectively. Our pollen records and other 
proxy data show that MWE 5, 4 and 2 are the major events in the Tibetan Plateau, 
probably implying that tidal forcing provides an additional mechanism for amplifying the 
solar signals. Therefore, mechanisms responsible for abrupt centennial-scale monsoon 
events probably include external forcing such as solar activity and tidal forcing, and 
internal forcing such as non-linear feedbacks, and threshold behavior in the climate 
system, although the coupled atmosphere-ocean model of global circulation indicates that 
internal variability alone could have generated such extreme climate disruptions (Hall 
and Stuffer, 2001).  
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